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sequential folding during transcription:
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ABSTRACT

A model of functional elements critical for replication and infectivity of the potato spindle tuber viroid (PSTVd) was
proposed earlier: a thermodynamically metastable structure containing a specific hairpin (HP Il) in the (-)-strand
replication intermediate is essential for template activity during (+)-strand synthesis. We present here a detailed
kinetic analysis on how PSTVd (-)-strands fold during synthesis by sequential folding into a variety of metastable
structures that rearrange only slowly into the structure distribution of the thermodynamic equilibrium. Synthesis of
PSTVd (H)-strands was performed by T7-RNA-polymerase; the rate of synthesis was varied by altering the concen-
tration of nucleoside triphosphates to mimic the in vivo synthesis rate of DNA-dependent RNA polymerase Il. With
dependence on rate and duration of the synthesis, the structure distributions were analyzed by temperature-gradient
gel electrophoresis (TGGE). Metastable structures are generated preferentially at low transcription rates—similar to
in vivo rates—or at short transcription times at higher rates. Higher transcription rates or longer transcription times
lead to metastable structures in low or undetectable amounts. Instead different structures do gradually appear having
a more rod-like shape and higher thermodynamic stability, and the thermodynamically optimal rod-like structure

dominates finally. It is concluded that viroids are able to use metastable as well as stable structures for their biological

functions.
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INTRODUCTION

Viroids are a class of autonomously replicating subviral
pathogens that cause a series of maladies affecting
crops and ornamental plants (for reviews see Diener,
1987, Semancik, 1987). They are composed of single-
stranded circular RNA in the size range between 245
and 399 nt. Neither the circular RNA nor the comple-
mentary (by definition (—)-stranded) RNA code for any
protein. Thus viroids may be regarded as minimal par-
asites of the host. From a functional view, viroids have
to present signals to the host to force the transcription
and transport machinery of the host to do all neces-
sary actions like replication and transport. These func-
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tional signals have to be based only on the RNA, which
is the primary sequence as well as the higher structure
of viroids.

The following introduction to functions of viroids is
based mainly on analysis of potato spindle tuber viroid
(PSTVd), which is the type strain of the major viroid
group (for classification of viroids see Koltunow & Reza-
ian, 1989; Flores et al., 1998). The (+)-stranded circu-
lar RNA of viroids adopts in its native state a rod-like,
highly base-paired structure (for review see Riesner,
1990); it is transcribed by DNA-dependent RNA poly-
merase Il of the host into oligomeric linear (—)-strands
(see Fig. 1). The (—)-strands are transcribed again by
polymerase Il into oligomeric linear (+)-strands (Muhl-
bach & Sanger, 1979; Schindler & Mihlbach, 1992)
that are processed to monomeric units and ligated to
circles by host-encoded RNase(s) and ligase(s) (Tsa-
gris et al., 1987). For recognition of the (+)-circular and
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FIGURE 1. Replication cycle of viroids of the PSTVd-class. The mature circular viroid RNA adopts a rod-shaped secondary
structure under native conditions (top); during thermal denaturation stable hairpins (1, II, and Ill) are formed that are not part
of the native structure (Henco et al., 1979; Steger et al., 1984). The transcription start sites of the synthetic transcripts
PSTVd-Styl and PSTVd-Haelll, used in this work, are marked by appropriately labeled arrows. In vivo transcription by
polymerase Il and sequential folding during transcription led to (—)-stranded oligomers (right) that are thought to be present
in a metastable conformation which includes HP Il as an element critical for transcription into (+)-stranded oligomers (Loss
et al., 1991) by polymerase II. The (+)-oligomers rearrange into structures with structural termini (L and R) similar to that of
the mature circle. In the central part, however, a metastable structure including extrastable tetra-loop hairpins (TL) is formed
(Baumstark & Riesner, 1995). This structural part is recognized by host RNase(s) and ligase(s) that process the replication
intermediate to circles (left; cleavage and ligation point is marked by a filled triangle; Baumstark et al., 1997), which
rearrange easily to the rod-shaped structure (top). Most, if not all, of the mature viroids are located in the nucleoli of infected
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cells (Harders et al., 1989; Ding et al., 1997).

the (—)-oligomeric RNA as a template by the polymer-
ase Il, helical regions with a high G:C content are thought
to be responsible. In case of the (+)-circles this helix is
part of the thermodynamically optimal secondary struc-
ture (Qu et al., 1993; Fels & Riesner, 1998). In the
(—)-strand oligomer, a helix called hairpin I (HP 1),
consisting of nine G:C and one A:U base pairs, is crit-
ical for replication (Loss et al., 1991; Qu et al., 1993).
However, HP 1l is present only in metastable struc-
tures; that is, HP ll-containing structures should not
exist under conditions controlled by thermodynamics.
As a hypothesis, we assume that such metastable struc-
tures containing HP Il are formed during synthesis of
the RNA because of sequential folding, a term intro-
duced for RNA by Boyle et al. (1980) and Nussinov and
Tinoco (1981). After synthesis, the metastable struc-
ture should rearrange into a structure of higher thermo-
dynamic stability. This might be impossible, however,
because the energetic barrier for rearrangement—
dissociation of unfavorable structural elements and for-

mation of more favorable elements—might be too high
under in vivo conditions, which would result in a kinetic
stabilization of the existing structure(s).

To verify the hypothesis experimentally, we had to
rely on in vitro experiments because the concentration
of (—)-stranded replication intermediates in planta is
very low. Thus we decided to use transcription of
PSTVd-cDNA by T7-polymerase as a model system
and to adapt that system to natural conditions under
three aspects. First, standard conditions for T7 tran-
scription result in a higher transcription rate than is
assumed for the natural transcription by polymerase II.
Such differences in transcription rate might lead to func-
tional differences in RNA structure (for examples see
Lewicki et al., 1993; Chao et al., 1995). To circumvent
that problem we varied the transcription rate of T7-
polymerase in a wide range by variation of the nucle-
oside triphosphate (NTP) concentration. Second, the
start site of transcription used in vivo is unknown; there-
fore we used two different plasmids that produce linear
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PSTVd RNA with quite different start sites. Third, the
analysis of the structure distributions has to be per-
formed depending on time. We used temperature-
gradient gel electrophoresis (TGGE; Riesner et al., 1989,
1991) for the detection and characterization of the dif-
ferent RNA structures. As a gel-electrophoretic method,
TGGE separates different structures of the same se-
guence according to their shape; for example, the rod-
like, native structure of PSTVd migrates faster than the
highly branched, metastable structures. In addition, the
temperature dependence of a structure’s mobility pro-
vides information about the conformational transitions
of its structural elements and thus leads to a more
precise characterization of the structure. And most im-
portant, in the low ionic strength used here for TGGE
and at temperatures significantly lower than the tran-
sition temperatures of the structures, rearrangement
between quite different structures is prevented during
the gel run (for review see Riesner et al., 1992; for an
example see Baumstark & Riesner, 1995). In summary
TGGE allows us to analyze the structure distribution as
present at the stop of transcription.

Results obtained with the methodology outlined above
support our mechanistic model; that is, PSTVd (-)-
stranded RNA folds sequentially during synthesis into
metastable structures with high efficiency. Rearrange-
ment of metastable structures into the thermodynami-
cally most stable structure does not reach completion
in biologically relevant times. This allows viroids to use
a larger number of structures—thermodynamically op-
timal and metastable ones—for coding of their neces-
sary biological functions.

RESULTS

Analysis of structure distributions by
temperature-gradient gel electrophoresis

The two transcripts used in this study, PSTVd-Sty1
and PSTVd-Haelll, have the sequence of (—)-stranded
PSTVd with quite different start sites (see Fig. 1 and
Materials and Methods). The 5’ end of PSTVd-Styl is
in the lower left of the rod-shaped structure near the 5’
part of HP Il; thus we expect favorable formation of
metastable structures containing this extraordinary sta-
ble hairpin during synthesis. In contrast, PSTVd-Haelll
starts in the upper right of the rod-shaped structure far
away in sequence from HP II; thus the possibility of
metastable structures with HP 1l should be lower. Ac-
cording to thermodynamic calculations, however, both
transcripts should form predominantly a single, rod-
shaped secondary structure (see Steger et al., 1986;
Hecker et al., 1988); only near the 5’ and 3’ ends small
hairpins are formed. This was confirmed experimen-
tally by TGGE analysis of both transcripts (for PSTVd-
Sty1l see Fig. 2). The equilibrium structure distribution
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FIGURE 2. TGGE of transcript PSTVd-Sty1 under equilibrium con-
ditions. The transcript in 0.2X TBE was denatured at 70 °C for 15 min
and slowly renatured to room temperature with ~0.1°C/min. PAGE:
4% PA 30:1, 0.2X TBE, silver-stained. The marker lanes contain a
crude RNA extract with 7: 7 S RNA; P: PSTVd; I: linear PSTVd; c:
circular PSTVd. Circular and linear PSTVd comigrate at low temper-
ature because their shape is nearly identical. The completely de-
natured molecules migrate very differently because of the high
retardation of the covalently closed circle.

of the transcripts was established prior to TGGE by
slowly cooling the transcripts from the denatured state
under low-salt conditions because high-salt conditions
would favor dimeric complex formation. Both transcripts
are retarded in comparison to circular PSTVd (see low
temperature range of Fig. 2). This is due to the few
small hairpins at the ends and a sequence length slightly
higher than unit length (372 and 369 nt, respectively,
versus 359 nt of PSTVd). Near 40 °C the native struc-
ture opens up cooperatively under formation of stable
hairpins (HP | and HP II), which leads to a slower mi-
gration. At still higher temperatures the completely de-
natured state dominates, which is slightly more retarded
than that of linear PSTVd because of its higher length.
The relationship between RNA secondary structure and
gel mobility has been discussed earlier in reviews on
TGGE (see Riesner et al., 1991, 1992); the transition
curves measured in this work are in accordance with
this relationship. In contrast to the single band ob-
served in TGGE for the RNA under equilibrium con-
ditions, we expect multiple bands for the different
metastable states after transcription, which should be
(1) of lower thermal stability and (2) of lower mobility,
both based on a higher number of small hairpins com-
pared to the thermodynamically optimal state.

Variation of transcription rate

Given optimal conditions for T7-RNA-polymerase, a tran-
script’'s chain is elongated with ~230 nt/s at 37°C
(Golomb & Chamberlin, 1974), whereas polymerase I
is much slower with ~5-25 nt/s (Kadesch & Chamber-
lin, 1982; Manley, 1984; Marzluff & Huang, 1984). As-
suming that viroids are synthesized with a similar rate
by plant polymerase Il, we had to decrease the tran-
scription rate of T7-polymerase substantially. This is
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FIGURE 3. Yield and length of transcript PSTVd-Styl depending
on rate of transcription. Transcription assays (50 uL) were stopped
after 15 min. Transcripts were purified by phenol/chloroform extrac-
tion; 2.5 wL (for cyrp = 1,000—-80 M) or 5 uL (for cyrp = 40—-10 uM)
per assay were analyzed by PAGE under denaturing conditions.
The concentration of NTP is given above the individual lanes in uM.
The top band is the DNA template. PAGE: 5% PA 30:1, 8 M urea,
0.5X TBE, 60 °C, silver-stained. Lanes M: length standard (RNA III,
Boehringer).

possible through a variety of parameters (temperature,
anion concentration, viscosity, specific inhibitors) that,
however, also influence RNA structure formation. There-
fore, we have chosen to vary the concentration of NTP,
which is known to regulate the transcription rate in a
wide range (Masukata & Tomizawa, 1990; Chamberlin
& Ring, 1973) without altering the RNA structure. All
other conditions (see Materials & Methods) were kept
constant. For all experiments, the polymerase is used
in a 24X molar excess over the template.

Lowering the transcription rate does not lead to an
increase in non-full-length transcripts (see Fig. 3). Thus
all different bands visible in TGGE will consist of struc-
tures with the same sequence and length, differing only
in shape. Of course, prematurely terminated transcripts
are also generated, but their size heterogeneity will
prohibit their detection in gels. Furthermore, the abso-
lute yields of transcript are lowered with decreasing
concentrations of NTP, but the total amount of NTPs is
not limiting for the yields; after 15 min of transcription
the NTP concentration is lowered by less than 5% with
all NTP concentrations used.

For determination of transcription rates, the amount
of transcripts was determined at 15 min (see Fig. 4); at
that time point the rates were influenced neither by a
lag phase at short times nor by saturation effects at
long times (data not shown). At NTP concentrations
below 50 uM a sigmoidal dependence of yields is ob-
vious; this is a well known effect (Chamberlin & Ring,
1973; Kadesch & Chamberlin, 1982). We have no ex-
planation for the step-like dependence near 300 uM
NTP. From the concentration dependence of the tran-
script yields, however, values for the transcription rates
can be derived. The value of 230 + 20 nt/s at cytp =
400 uM and 37°C is reduced to ~50 nt/s at 20°C
(Chamberlin & Ring, 1973). Using that value as a basis
of calculation, the rates determined here are roughly
between 3 nt/s at cyrp = 30 uM and 20 nt/s at cyrp =
70 uM; that is, we are able to shift the transcription rate
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FIGURE 4. Synthesis rate of PSTVd-Sty1 depending on concentra-
tion of NTP. The different symbols are from independent experi-
ments. After 15 min of transcription with «®>P-NTP, transcripts were
spotted on Whatman paper, washed with 0.5 M Na,PO,, dried, and
counted. According to calculations (see text) NTP concentrations of
30 uM and 70 uM are equivalent to transcription rates of ~3 nt/s and
~20 nt/s, respectively. Note the nonlinear dependence of the syn-
thesis rate on the NTP concentration, especially the lag phase at low
NTP concentration.

of the T7-polymerase into the proper range for poly-
merase |II.

According to these rates of transcription, synthesis of
a full-length PSTVd transcript needs between a few
seconds and several minutes. Because folding of RNA
structures (for review see Turner et al., 1990; Riesner
& Rdmer, 1973) requires between microseconds (elon-
gation of helices) and minutes (closure of complex junc-
tions or tertiary foldings), the process of transcription and
the process of folding might interfere with each other.

Prior to the detailed analysis of these effects, we
checked the yields of full-length transcripts depending
on transcription time (see Fig. 5). Again mainly full-
length transcripts are produced by T7-polymerase even
at the shortest periods of incubation time (30 s); how-
ever, the amount of product is very low at these short
time points.
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FIGURE 5. Yield and length of transcript PSTVd-Sty1 depending on
time of transcription. Transcription assays (50 uL with cytp = 1 mM)
were purified by phenol/chloroform extraction; 2.5 ulL per assay were
analyzed by PAGE under denaturing conditions. The time of tran-
scription is given above the individual lanes in minutes. The top band
is the DNA template. PAGE: 5% PA 30:1, 8 M urea, 0.5X TBE, 60 °C,
silver-stained. Lane M: length standard (RNA Ill, Boehringer).
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Structure distributions depending
on transcription rate

The structure distributions of PSTVd-Styl were ana-
lyzed by TGGE after 15 min of transcription in the pres-
ence of different concentrations of NTP. In Figure 6
results are shown for cytp = 1 MM (top) and cyrp =
30 uM (bottom), which is equivalent to rates of ~130
nt/s and 3 nt/s, respectively. For the high transcription
rate the dominant band, labeled S, is equivalent in mi-
gration behavior to the single band under equilibrium
conditions (see Fig. 2); that is, according to the equi-
librium analysis, the structures forming band S will be
rod-like near the energetic minimum. All additional bands
have to contain metastable structures. The most prom-
inent of these bands is labeled M, and migrates to a
position identical to S at low temperature but is re-
tarded prior to the main transition of S. Two additional
bands of lower mobility, labeled Q and P, comigrate at
low temperature, but separate from each other a few
degrees below the main transition of S. A band of very
low intensity, labeled R, is visible just above Q/P. All
bands comigrate at temperatures above the main tran-
sition of S at ~40°C.

For the low transcription rate, quite different struc-
tures do appear (see Fig. 6, bottom). Structures form-
ing a band similar to S are of much lower concentration,
whereas at least five additional bands (1 to 5) show up.
Because of their slow migration the structures belong-
ing to these bands are at least as branched as those of
bands Q, P, and R from the fast transcription. Bands 1
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FIGURE 6. TGGE analysis of PSTVd-Sty1 depending on transcrip-
tion rate. Detection of transcripts after 15 min of transcription and
TGGE. Top: cntp = 1 mM, detection by autoradiography. Bottom:
cntp = 30 uM, detection by CDP-Star. The most upper band is the
DNA template.
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to 5 differ from each other by decreasing mobility and
decreasing thermal stability; thus these bands should
contain an increasing number of small hairpins and
junctions. A band similar to M is hardly visible, and an
additional band N seems to approach band S in mo-
bility below the main transition of S. The same band N
is visible with the high transcription rate, but only at
lower exposure times than shown in Figure 6, top.

To get an impression about the concentrations of the
different bands depending on the transcription rate, we
qguantified the intensity of characteristic bands from na-
tive gels at 22°C by laser densitometry. Results are
shown in Figure 7. The relative concentrations of bands
S or P/Q increase with increasing transcription rate,
which is proportional to the increasing concentrations
of NTPs used in the assays. In contrast, the relative
concentrations of bands N or 4, which contain meta-
stable structures, decrease. The slopes of these rela-
tive concentration changes are, however, quite different:
that of band S is steep already at lowest NTP concen-
trations, whereas those of bands P and Q are ten times
less steep. Bands 1-5 decrease about as strongly as
band S increases, and are hardly detectable at NTP
concentrations above 50 uM. Band N decreases twenty
times more slowly, but stays at relatively high concen-
trations. The concentration of band M could not be
evaluated in a similar way because this band was not
separated from others at 22 °C.

From the measured concentrations we conclude that
structures near the thermodynamic optimum, like those
of band S, are easily formed with transcription rates
above 20 nt/s; that is, the small hairpins formed during
“fast” synthesis do not block the refolding into struc-
tures near the thermodynamic optimum after full-length
synthesis. Structures of marginal thermodynamic sta-
bility, like bands 1 to 5, are formed mainly at lower
transcription rates; that is, the small, instable hairpins
rearrange prior to full-length synthesis into more com-
plex structures of higher stability, which are too stable
to be rearranged into the equilibrium structure of the
full-length molecule. This interpretation is extended and
specified in Discussion.

Structure distributions depending
on transcription duration

The structure distributions of PSTVd-Styl were ana-
lyzed by TGGE at a constant rate of transcription
(cnte = 1 mM; ~130 nt/s) depending on time of tran-
scription. In Figure 8 results are shown for 1 h (top) and
30 s (bottom) transcription time. With cyrp = 1 mM,
results at 1 h transcription time are nearly identical to
that at 15 min (compare top parts of Figs. 8 and 6).
Surprisingly, for short times the results with high-rate
transcription are also similar to those with low-rate tran-
scription (compare bottom parts of Figs. 8 and 6); that
is, bands S, M, and N are comparable in concentration
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FIGURE 7. Relative concentrations of certain PSTVd-Sty1-structures depending on transcription rate. B shows an en-
larged graph of A to allow for visualization of data points at low NTP concentrations. PSTVd-Sty1 was synthesized for
15 min in the presence of varying concentrations of NTP; for conversion into transcription rate, see Figure 4. Reactions were
stopped with stop buffer and products separated by native PAGE at 22 °C (4% PA 30:1, 0.2X TBE). Bands were quantified
by laser densitometry of their CDP-Star-luminescence signals on X-ray film. For each NTP concentration the sum of all
signals was set to 100%. For designation of bands or structures see Figure 6 and text. The lines connecting the data points

are fits to appropriate exponentials.

to at least five different bands containing branched struc-
tures of lower thermal stability.

The amounts of bands or structures depending on
time of transcription are shown in detail in Figure 9.
Structures of band S, which are similar to the thermo-

20 °C

FIGURE 8. TGGE analysis of PSTVd-Sty1 after different times of
transcription and incubation. Transcription assays with cytp = 1 mM
were stopped with stop buffer after 1 h (top) or after 30 s (bottom).
Detection of transcripts by staining with NBT/BCIP (top) or by auto-
radiography (bottom). In the top gel the most upper band is the DNA
template.

dynamically most stable rod-like secondary structure,
increase in concentration nearly linearly with time after
a lag phase of ~2 min; during the time course the
concentration of band S does not reach a plateau value.
Structures of band M behave very similarly (the con-
centration of M was determined at ~35°C where M is
well separated from S). Band N also increases steeply
but reaches a plateau. Bands a—e containing metasta-
ble structures reach a steady-state level at very low
concentrations after ~2 min. The nomenclature of the
bands was choosen as follows: bands are labeled
with capital letters if present in gels with any transcrip-
tion rate and any incubation time; we are quite sure that
bands with identical labels contain identical structures
because migration distances and denaturation behav-
ior agree. Bands labeled with small letters or numbers
appear only at low transcription rates or at low tran-
scription times, respectively; we are not sure that these
bands, for example 1 and a, contain identical structures
because of small but noticeable differences in their
behavior.

For the PSTVd-Haelll transcript, structures depend-
ing on time appear (Fig. 10) that are quite different from
those of the PSTVd-Sty1 transcript (Fig. 8). For short
transcription times only two bands are visible (Fig. 10,
bottom). The band of highest mobility is identical in
migration to the band under equilibrium conditions (data
not shown); to differentiate it from the S-band of PSTVd-
Styl, it is called S*. Band S* is relatively broad; some-
times a further band seems to migrate just above the
main band. The second band, called W, is of similar
concentration as S* but its structures clearly have to be
much bulkier than that of S*.
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FIGURE 9. Amount of certain PSTVd-Sty1 structures depending on
time of transcription. Transcription assays with cytp = 1 mM were
stopped with stop buffer after different periods of time. Transcripts
were separated by native PAGE at 22 °C or by TGGE. Bands were
guantified by laser densitometry of the gel at 22 °C or of the TGG at
~35°C, where M is well separated from S. B shows an enlarged
graph of A to allow for visualization of structures present only in low
concentrations. For designation of bands or structures see Figure 8
and text. The lines connecting data points for structures S and M are
fits according to s = o[l — (ka/(ks — ky))e X + (ka/(ks — ki))e "1,

which is based on the consecutive reactions NTP —% X % S with a
metastable structure X and an optimal structure S.

With increasing time of transcription, additional bands
appear (Fig. 10, top). Bands T, U, and V are of low
concentration even after 1 h of transcription. T and U
comigrate at 25°C but separate from each other at
35°C; T approaches the migration of V, a band just
above T and U at 25 °C, prior to complete denaturation
at ~42 °C whereas U decreases continuously in migra-
tion. Band M* increases continuously in mobility and
shows no significant alteration in mobility near the main
transition of S*.

DISCUSSION

We analyzed the formation of structure distributions for
PSTVd (—)-stranded RNAs depending on transcription

D. Repsilber et al.
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FIGURE 10. TGGE analysis of PSTVd-Haelll after different times of
transcription and incubation. Transcription assays with cytp = 1 mM
were stopped with stop buffer after 1 h (top) or after 30 s (bottom).
Detection of transcripts by CDP-Star.

rate and on time of incubation under transcription con-
ditions. For separation and analysis of structures we
used TGGE; thus we will discuss first advantages and
limitations of that method and then draw conclusions
from the results.

One should note that in most experiments the dura-
tion of the transcription assay is in fact a summation of
two phases, the transcription process and the consec-
utive incubation in the high-salt transcription buffer. The
second phase is longest for those molecules synthe-
sized during the first round of transcription. Only in
experiments in which the synthesis takes nearly the
whole time of the transcription assay are all molecules
fairly synchronized with respect to rearrangements into
more stable structures.

Analysis of structure distributions by TGGE

We resolved by TGGE the different structures of tran-
scripts after in vitro synthesis. All bands visible in gels
after staining contain full-length transcripts, because the
size heterogeneity of non-full-length molecules will lead
only to some background smear. Certainly several
bands contain more than one structure; for example,
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in Figures 6 and 8, M comigrates with S at low tem-
peratures, or Q and P separate from each other prior
to complete denaturation. These comigrating struc-
tures differ most probably by small structural varia-
tions only, so that their “electrophoretic” shapes
coincide in a certain temperature range, but after par-
tial denaturation, which happens at different temper-
atures because of the different structural elements,
different electrophoretic mobilities are generated. Even
if a band stays as a single band over the whole tem-
perature range, we cannot conclude that it contains
only a single structure: first, different structures that
interchange rapidly in the TGGE-buffer show up as a
single band of intermediate mobility, and second, not
each structural difference leads to a difference in elec-
trophoretic mobility.

The discussion above corresponds with our failure to
detect defined structures by chemical mapping in most
bands; that is, both types of bands—those containing
rapidly interconverting structures and those containing
more than one structure—will not lead to interpretable
mapping signals. However, that failure might also be a
consequence of the high degree of base pairing in vi-
roid structures independent from the overall base pair-
ing scheme and stability of the respective structure(s);
that is, for quite different structures viroids use different
combinations from the same pool of subsequences for
pairing.

Metastable structures of PSTVd
transcription intermediates

The TGGE analysis of PSTVd-Sty1 shows that the high-
est number of different bands appears for low transcrip-
tion rates at intermediate transcription assay times or
short transcription assay times at high transcription
rates. In both cases little time is left over for incubation
after completing the synthesis of the RNA. Most of these
bands (e.g., bands 1-5 of Fig. 6 and a—e of Fig. 8)
might be characterized as containing highly metastable
structures by the following criteria: (1) The structures
migrate slowly in TGGE; that is, they have a degree of
friction higher than the thermodynamic optimal struc-
ture. This points to structures with an increasing num-
ber of junctions and consequently small hairpins or
stem-loop structures. (2) With increasing retardation—
following series 1-5 or a—e—the bands vanish at de-
creasing temperatures in TGGE; that is, the structures
either rearrange irreversibly into structures of higher
thermodynamic stability or denature more easily. This
effect points again to structures with an increasing num-
ber of junctions and small stem-loop structures. With
increasing transcription rates or increasing transcription/
incubation times, these highly metastable structures
approach the detection limit or are undetectable. In-
stead different structures do appear that are less re-
tarded and have higher thermodynamic stability, and
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the thermodynamically optimal structure becomes the
structure of highest concentration.

This behavior is as expected if one takes into ac-
count consecutive reactions for structure formation in
parallel, for example, those as follow:

ks Sinter
K Ky
NTP — p — Freta
N
ke Sopt
ks

ki
Pr > Frmeta

NTP denotes an unlimited supply for production of tran-
scripts. The polymerase synthesizes partial transcripts
p that fold into different structures depending on their
length: (1) If synthesis is fast only small hairpins are
formed and the resulting full-length transcript Fpea is
also highly metastable. (2) If synthesis is slow the par-
tial transcript p has sufficient time to rearrange into p,,
for example by formation of junctions, and the resulting
full-length transcripts F;neta have structures of higher
stability. These consequences follow quite easily from
the known rates of synthesis and RNA structure forma-
tion (for review see Turner et al., 1990; Riesner & Rémer,
1973), respectively. For example, the relaxation times
for formation of small hairpin loops at room tempera-
ture are in the microsecond range, whereas relaxation
times of clover leaf formation are in the range of
seconds.

After synthesis the various metastable structures
(Fmeta @nd F; meta) Can rearrange into structures of higher
thermodynamic stability. As an example, Feia Might
rearrange into the thermodynamic optimum S, but
also into a structure S;y, Of intermediate stability; the
metastable structure F,neta Can also rearrange into the
optimal structure S,,; but with a higher activation en-
ergy. A rearrangement of F, o, iNto a structure similar
to Sier Should also be possible, but is not introduced
here into the reaction scheme because of the higher
stability of F e in cOmparison to Fyen. Resulting con-
centrations for the various structures as calculated by
KinSim (Barshop et al., 1983; Dang & Frieden, 1997;
KinSim, 1998) are shown in Figure 11. The rate con-
stants (in arbitrary units) used for calculations are (1)
k, = 1.0 or 0.08, the first implying fast and the second
slow transcription. (2) k4 = 1.0, which is at least as fast
as the synthesis steps resulting in a high concentration
of transcripts Sy, with optimal structures and very low
concentrations of their metastable precursors Feta-. (3)
k; = 0.5 allows for formation of a quite stable but nev-
ertheless metastable structure S, in parallel to for-
mation of the optimal structure S, out of the metastable
precursors Foew. (4) ks = 0.1, which is slower than k,,
resulting in accumulation of the metastable precursor
Frmeta; that is, rearrangement from F e, into the opti-
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FIGURE 11. Simulation of structure formation. Simulations were per-
formed according to the chemical equations NTP£> p i> Fmetaﬂ
Sopts Frneta —2 Sinters Pr —> Frmeta — FSopts P —2> pyr. The initial
concentration of NTP was held constant during reaction time. Partial
transcript p might stabilize its structure to p, by refolding; both are
transcribed into full-length molecules Frea @and Fymeta With different
but highly metastable structures. Fneta is allowed to rearrange into
Sinter and the optimal structure Sqp;, Wwhereas Fymeta rearranges more
slowly into the identical structure Sy, which is named FS,, only as
a reference to its precursor. Rate constants and times are given in
arbitrary units. The rate constants were k; = 1 (middle) and 0.08
(bottom), respectively, ky = 1, ks = 0.1, ks = 0.5, and k; = 0.5. Curves
of full-length, observable transcripts are given by thick lines; those of
incomplete transcripts by dotted lines. For further details see text.

mal structures S, is kinetically blocked in comparison
to the rearrangement of Fpep into Sopr. (5) ks = 0.5
gives rise to the two major parallel pathways; its value
in relation to that of the synthesis steps (k;) determines
the relative population of both pathways.
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Figure 11A might be compared qualitatively with Fig-
ure 7. Obviously the relative concentrations of struc-
tures in dependence upon transcription rate are modeled
adequately; that is, the optimal structure S, changes
only slightly in relative concentration when the tran-
scription rate is changed by orders of magnitude; the
relative concentration of metastable structures P/Q and
Sinter INCreases more than that of the optimal structure;
and the relative concentration of the metastable struc-
ture N and F; e1a, respectively, drops significantly. Next
we compare Figure 11B with Figure 9A. The time de-
pendence of the experimentally determined amount of
structures migrating in band S is in accordance with the
total concentration of structure S, M is in accordance
with the metastable structure S, and d and e are
similar to the highly metastable structures F;yen and
Fmeta- From comparison of Figure 11C with Figure 6,
bottom, the change in proportion of stable to metasta-
ble structures (S to, for example, 1 and Sy 10 Fmeta;
respectively) is also modeled quite correctly. In total
these comparisons suggest that the simple model of
consecutive reactions in parallel fits the experimental
results.

CONCLUSIONS

We analyzed the structure formation of PSTVd (-)-
stranded RNAs in vitro after synthesis by T7-poly-
merase. The in vitro synthesis rate, which influences
the RNA structure formation, was lowered to rates com-
parable to those probably used in vivo by polymer-
ase Il. As shown by the TGGE analysis, the PSTVd
(—)-transcripts easily form a variety of metastable struc-
tures due to sequential folding when the transcription
rate is slowed down to the proper rate of a few nucle-
otides per second. With increasing time of incubation
in the transcription buffer, the metastable structures
rearrange into structures of higher thermodynamic
stability. The equilibrium structure distribution is only
reached by a denaturation/renaturation cycle in prac-
ticable times (compare with results from slow temper-
ature-jump experiments for (+)-stranded circular PSTVd;
Henco et al., 1977). In view of the in vivo situation, the
results are quite obvious for viroids’ replication cycle:
the transcription rate of polymerase Il, which is rela-
tively low in comparison to folding times of simple stem-
loop structures, is the basis for the appearance of viroids’
(—)-stranded replication intermediates in metastable
structures.

However, several open questions remain. For exam-
ple, does the (unknown) start site (s) of transcription used
in vivo have a major influence on the number and con-
centration of metastable structures? Which of the meta-
stable structures contains the structural element HP 1I,
which was derived earlier from molecular-biological ex-
periments (Loss et al., 1991; Qu et al., 1993) as essen-
tial for viroid replication?
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MATERIALS AND METHODS

Templates for transcription

Two plasmids, pSH1 and pRH716, were used as templates
for transcription with T7-RNA polymerase. pSH1 and pRH716
are derivatives of pPRH701 (Hecker et al., 1988). After restric-
tion with either Styl or Haelll, the sense DNA of PSTVd
strain Intermediate (Di) was cloned into the multicloning site
of pRH701. After linearization with EcoRl, run-off transcrip-
tion with T7-RNA-polymerase results in either a 372-nt tran-
script with sequence 5’-GGCAAG—(—)PSTVd Intermediate
(Di) (337-1/359-338)—GGGAAUU-3', called PSTVd-Sty1, or
a 368-nt transcript with sequence 5’-GG—(—)PSTVd Inter-
mediate (Di) (146-1/359-146)—GGGAAUU-3', called PSTVd-
Haelll. The numbering of the PSTVd sequence is according
to Gross et al. (1978).

T7-RNA-polymerase transcription

T7 run-off transcriptions were performed as described (Davan-
loo et al., 1984; Hecker et al., 1988) at 25°C with 1 U/ulL
RNAsin (Pharmacia) and 6 U/mL T7-RNA-polymerase in a
50 uL assay. Concentrations of all four NTP were varied to
obtain different transcription rates (see Results and Fig. 4).
Transcription was stopped by lowering salt concentration and
complexing Mg?* adding 150 uL (3 volumes) of stop buffer
(9 mM Tris/borate, pH 8.3, 5 mM EDTA). To obtain radio-
actively labeled transcripts, «?P-UTP was used in the tran-
scription assay, but the end concentration of UTP was adjusted
to those of the three other NTP. For this reason the rate of
incorporation was low in comparison with standard radiolabel-
ing procedures.

Temperature-gradient gel electrophoresis

Structure distributions after transcription were characterized
by TGGE (Rosenbaum & Riesner, 1987). Perpendicular to
the direction of electrophoresis a linear temperature gradient
between 20°C and 55°C was established, resulting in the
separation of different secondary structures of the tran-
scripts. The polyacrylamide gel [4% polyacrylamide 30:1, 0.2X
TBE (1X TBE is 89 mM Tris, 89 mM borate, pH 8.4, 2.5 mM
EDTA), 0.2% TEMED (N,N,N’,N’-tetramethylethylendiamine),
0.04% ammoniumperoxodisulfate, 0.2 mm thick] polymerized
for 1 h. Electrophoresis of samples was performed in three
steps: (1) electrophoresis for 15 min with 30 V/cm at a con-
stant temperature of 15°C, (2) establishment of the temper-
ature gradient, and (3) electrophoresis for 2 h at 30 V/cm.

Detection of transcription products

After gel electrophoresis transcripts were detected by silver
staining (Schumacher et al., 1983), by autoradiography on
X-OMAT AR (Kodak), or by electroblotting and nonradioac-
tive hybridization using a digoxigenin-labeled probe (Beuther
et al., 1992) followed by either immunodetection with CDP-
Star ™ (Boehringer Mannheim) as chemiluminescence or col-
orimetry with NBT/BCIP (Boehringer Mannheim). The
digoxigenin-probe was synthesized by transcription of pPRH713
(see Hecker et al., 1988) with DIG-11-dUTP (Boehringer
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Mannheim) in the transcription assay, resulting in a labeled
transcript with dimeric (+)-strand sequence of PSTVd Inter-
mediate (Di).

For quantification of transcription products, transcripts were
radiolabeled with «*2P-dUTP, spotted on DE81 Whatman pa-
per, washed 2 times with 0.5 M Na,HPOy,, dried, and counted
in 5 mL of scintillation solution.

For quantification of autoradiographs of radiolabeled tran-
scripts or CDP-Star-luminescence signals, bands were
scanned with a laser densitometer (Personal Densitometer
SI, Molecular Dynamics). For quantitative performance of blot-
ting and nonradioactive detection several exposures of one
gel were used so as not to leave the linear range of detection.
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