Sequence-controlled RNA self-processing: computational
design, biochemical analysis, and visualization by AFM
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ABSTRACT

Reversible chemistry allowing for assembly and disassembly of molecular entities is important for biological self-organization.
Thus, ribozymes that support both cleavage and formation of phosphodiester bonds may have contributed to the emergence of
functional diversity and increasing complexity of regulatory RNAs in early life. We have previously engineered a variant of the
hairpin ribozyme that shows how ribozymes may have circularized or extended their own length by forming concatemers.
Using the Vienna RNA package, we now optimized this hairpin ribozyme variant and selected four different RNA sequences
that were expected to circularize more efficiently or form longer concatemers upon transcription. (Two-dimensional) PAGE
analysis confirms that (i) all four selected ribozymes are catalytically active and (ii) high yields of cyclic species are obtained.
AFM imaging in combination with RNA structure prediction enabled us to calculate the distributions of monomers and self-
concatenated dimers and trimers. Our results show that computationally optimized molecules do form reasonable amounts of
trimers, which has not been observed for the original system so far, and we demonstrate that the combination of theoretical
prediction, biochemical and physical analysis is a promising approach toward accurate prediction of ribozyme behavior and
design of ribozymes with predefined functions.
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INTRODUCTION Hairpin ribozyme catalyzed RNA cleavage and ligation re-
actions follow a transesterification mechanism (Cochrane
and Strobel 2008). Cleavage occurs by nucleophilic attack
of the 2’-oxygen on the neighboring phosphorous resulting
in a trigonal-bipyramidal intermediate. Upon release of the
5'-OH-group, a 2',3’-cyclic phosphate is formed. Ligation
follows the same reaction path in opposite direction and
proceeds via ring opening of the cyclic phosphate, exclusive-
ly delivering the natural 3’,5'-phosphodiester (Scheme 1).
Ligation is enthalpically favored over cleavage, because ring
strain energy is released when opening the cyclic phosphate.
Entropically, ligation is disfavored, owing to the decrease in
degrees of conformational freedom. However, the entropic
cost of ligation is rather small and can be compensated by
the favorable enthalpic contribution (Hegg and Fedor 1995,
Nahas et al. 2004). In addition, ligation is about two times
faster than cleavage (Liu et al. 2007). Thus, the internal equi-
librium of the hairpin ribozyme is shifted toward ligation.
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RNA processing plays a fundamental role in the cellular life
cycle. RNA molecules are permanently synthesized, modi-
fied, edited, truncated, or abolished. In viruses, viroids, and
satellite RNAs with circular RNA genomes, replication fol-
lows a rolling circle mechanism, thus initially producing lin-
ear concatemeric versions of the RNA genome (Flores et al.
2011). Further processing is required to convert the conca-
temers back to monomers that subsequently are cyclized to
yield the final replication product: a cyclic RNA complemen-
tary to the template. This processing is dependent on specific
RNA structural motifs that support reaction at the site of
cleavage and ligation (Hampel and Tritz 1989; DeYoung
et al. 1995). Among those, the hammerhead and the hairpin
ribozyme are probably the best studied small RNAs with cat-
alytic activity (Hammann et al. 2012; Miiller et al. 2012).
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SCHEME 1. Hairpin ribozyme mechanism (from left to right) nucleo-
philic attack followed by intermediate formation and release of newly
formed 5'- and 3'-termini (see text for details); (R}, R,) oligonucleotide
chain, (B;, B,) nucleobase, (A) acid, (B™) base.

can be controlled by structural modulation. Hairpin ribo-
zymes that form a stable structure, such that fragments re-
main bound, favor ligation, whereas hairpin ribozymes that
are less stable, such that cleavage fragments can easily disso-
ciate, favor cleavage (Fedor 1999, Welz et al. 2003). These
characteristic features distinguish the hairpin ribozyme
from other small ribozymes, and we have shown in previous
work that structural manipulation of hairpin ribozyme vari-
ants allows tuning of cleavage and ligation activity (Welz et al.
2003; Ivanov et al. 2005; Vauleon et al. 2005; Drude et al.
2007, 2011; Pieper et al. 2007; Petkovic and Miiller 2013,
Balke etal. 2014). Among these variants is a hairpin ribozyme
that can cleave off its 5'- and 3’-end (Pieper et al. 2007). The
cleaved product has two reactive ends that can ligate to circu-
lar species or concatemers of two or more molecules.

Herein we address the question whether it is possible to de-
sign entirely self-reactive RNAs to efficiently circularize OR
polymerize to large RNA entities. In contrast to previous
work, our purpose was to optimize RNA sequences for par-
ticular conformations favoring monomeric variants or multi-
merization, rather than tuning the cleavage and ligation rate
itself. Self-reactive RNA molecules changing their properties
by circularization or increasing their length by polymeriza-
tion provide a good case-study to exploit the repertoire of
state of the art computational design algorithms and to im-
prove them by experimental verification. Good heuristics to
embed catalytic activity into RNA molecules with desired
functions are highly amendable for synthetic biology, since
RNA cleaving or ligating ribozymes constitute an additional
layer of gene regulation. Additionally, successful designs
would have direct implications on the RNA world theory to
explain the emergence of RNA genomes in an early RNA
world.

Using the ribozyme CRZ-2 (Scheme 2), which was devel-
oped previously (Pieper et al. 2007) and recently analyzed in
detail (Petkovic and Miiller 2013), as template, we computa-
tionally optimized sequences using the program switch.pl
(Flamm et al. 2001) of the Vienna RNA package (Lorenz
et al. 2011). Four variants with different behavior according
to our scoring functions were selected and analyzed in detail
by polyacrylamide gel electrophoresis (PAGE) and atomic

1250 RNA, Vol. 21, No. 7

force microscopy (AFM). We present high resolution AFM
images of the reaction mixtures, visualizing even the rather
short 83mer RNA fragment.

RESULTS

Computer-aided sequence design

Compared with manual design that we had applied in previ-
ous work (Pieper et al. 2007; Petkovic and Miiller 2013),
computer-aided design is a more sophisticated way toward
control of self-processing activity of RNA species. Therefore,
we have started a bioinformatics approach to evolve hairpin
ribozyme derived RNAs with self-processing activity. We
have designed two classes of ribozyme species: Members of
the first class should process themselves efficiently into circu-
lar monomers, whereas members of the second class would
maximize the yield of ligation competent dimers. The design
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SCHEME 2. RNA self-processing pathway of CRZ-2. The pathway also
applies to designed sequence variants PBD1 to PBD4 (see below). Note
that fragment lengths differ for PBD3 and PBD4. RNAs are pro-
grammed to fold in two distinct conformations (top). Both conforma-
tions favor cleavage, such that either the 5'-terminus (green) or the
3’-terminus (blue) can be cleaved off, resulting in a 94- or 92mer (mid-
dle). These intermediates can refold in the conformation required for
cleavage of the remaining 3'- or 5'-end, respectively. The final cleavage
product is always an 83mer, which can undergo intramolecular ligation
to a circular species (bottom, left) or self-concatemerize by intermolec-
ular ligation (bottom, middle). In addition, the fragments resulting
from the first cleavage contain either the 2’,3’-cyclic phosphate or the
5'-OH group required for ligation, such that they can also oligomerize
with each other or with one or more 83mers (bottom, right).
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process is complicated by the fact that multiple constraints
exist on both sequence and structure level. On the sequence
level we included two well-conserved interior loop regions
from the hairpin ribozyme (Berzal-Herranz et al. 1993), as
well as a T7 RNA promotor sequence at the 5’'-end for exper-
imental implementation. On the structural level, the con-
structs have to be bistable, forming two distinct catalytic
centers to cleave off both the 5'- and 3’-ends as depicted in
Figure 1 and Supplemental Figure S1. Our approach is a
two-step process that first computes a large set of RNA se-
quences with catalytic properties, and second scores these se-
quences to select for ribozymes with the desired behavior.
Previously, we have shown that the efficient design of bistable
molecules is surprisingly easy (Flamm et al. 2001). The algo-
rithm, implemented in the program switch.pl of the Vienna
RNA package, mutates initially random sequences into bista-
ble switches via consistent mutations guided by a dependency
graph. The mutations are meant to increase the probability of
forming catalytically active structures and influence the con-
formations formed upon dimerization of the individual spe-
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FIGURE 1. (A) Secondary structures of CRZ-2 and PBD 1-4 shown in
one of the two possible conformations (cf. Scheme 2). Sequence changes
in comparison to the reference RNA CRZ-2 are shown in red. (B)
Sequence alignment of the four designed RNAs PBD1—4 with the refer-
ence system CRZ-2. Green interior loop areas are reported to be essen-
tial for cleavage/ligation activity and were therefore fixed during the
design process. The orange colored T7 RNA promoter sequence was
needed for experimental implementation. The secondary structure in
dot-bracket notation below shows the constraints on a structural level.

TABLE 1. Summarized properties of the designed sequences

RNA Full length Fragment length K1 K2

CRZ-2 103 11+83+9 19.24 37.58
PBD1 103 11+83+9 9.38 13.71
PBD2 103 11+83+9 9.84 28.71
PBD3 105 8+83+14 12.14 18.77
PBD4 105 8+83+14 12.13 31.23

cies. Using switch.pl, ~10,000 bistable RNA molecules
conforming to the above design objective were designed
and ranked according to two scoring functions k; and k,
(Equations 2 and 4 in Materials and Methods) that evaluate
the probabilities of forming reactive structures and the frac-
tion of circular species in equilibrium. Results of the scoring
function for all four sequences and the reference system
CRZ-2 can be seen in Table 1. A lower k;-value indicates
high catalytic activity of all monomeric variants; a lower k,
indicates a high probability of forming catalytically active
homo-dimers. Hence, k, was used to discriminate between
ribozymes that are meant to favor formation of cyclic dimers
(lower x,) and those that do not (higher k,). Detailed expla-
nation and formulas can be found in Materials and Methods
and Supplemental Figure S2a,b. Figure 1 shows four bistable
ribozyme sequences (PBD1 to PBD4) that were selected for
experimental validation in comparison to the reference sys-
tem CRZ-2. Table 1 summarizes their expected properties
and the results from the scoring functions (rounded to two
decimal figures).

Compared with the reference RNA CRZ-2, PBD1-4 differ
by various base replacements in the nonconserved regions
(Fig. 1). However, the new designed ribozymes were meant
to undergo the same cleavage cascade reaction as described
for CRZ-2 previously (Petkovic and Miiller 2013) and depict-
ed in Scheme 2. Dimerization of the hairpin ribozyme has
been demonstrated previously (Butcher and Burke 1994),
and is an essential prerequisite for the formation of conca-
temers by CRZ-2. We therefore assumed that sequences
forming catalytically active, intermolecular ligation com-
petent dimers favor concatemerization (PBD1 and PBD3),
while sequences that have lower tendency to form these
structures, are assumed to predominantly form cyclic mono-
mers (PBD2 and PBD4). Our scoring functions furthermore
indicate that PBD1 and PBD2 show increased efficiency to
form cyclic monomers (Table 1, x;) compared with PBD3
and PBD4.

Biochemical analysis of the self-processing
behavior of the designed sequences

The five RNAs, CRZ-2 and PBD1 to PBD4 were prepared by
in vitro transcription with T7 RNA polymerase (see Supple-
mental Material) and incubated at conditions favoring self-
cleavage followed by ligation (Petkovic and Mdller 2013).
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FIGURE 2. Analysis of self-processing reactions of sequences PBD1-4,
CRZ-2, and the linear 83mer (I-83mer) in a 15% denaturing polyacryl-
amide gel, lane 2: RNA size standard. For better visualization of individ-
ual bands, self-processing reactions of PBD1-PBD4 were analyzed
separately with a higher amount of sample loaded onto the gel (separate
lanes left and right to the gel. Note that large scale analysis was carried
out separately for each of the designed RNAs PBD1-PBD4. Therefore,
the relative positions of bands are not directly comparable between in-
dividual gels. Compare also Supplemental Figure S3. Bands were as-
signed as follows: full-length transcripts (a); cleavage intermediates
(5'- or 3'-truncated transcripts) (b); final cleavage product (5'- and
3’-truncated transcripts) (c); cyclic RNA resulting from intramolecular
ligation of species ¢ (d); concatemers resulting from intermolecular liga-
tion of species b and ¢ (e).

First, reaction products were analyzed using denaturing poly-
acrylamide gels (Figs. 2, 3, 4). Bands in the gel were visualized
by ethidium bromide staining. Table 2 shows the lengths
(in number of bases) of products that theoretically can be
formed; Figure 2 shows an overview of reactions of all self-
processing ribozymes (CRZ-2, PBD1-PBD4). For compari-
son, the linear 83mer (1-83mer) resulting from two cleavage
events in CRZ-2 and being incapable of further cleavage was
isolated and incubated at identical conditions (Fig. 2, lane 7).
The behavior of this 83mer was analyzed in detail recently
(Petkovic and Miiller 2013), such that the band pattern pro-
duced by the 1-83mer could be used as guideline to navigate
through the PAA gel and, with the aid of the 2D-gel electro-
phoresis results (see below), to assign the obtained bands to
individual RNA species. This becomes especially important,
since chemical modifications at RNA ends (such as OH,
phosphate or cyclic phosphate), RNA sequence itself, and
RNA structures formed in spite of denaturation can affect
the migration behavior of RNA molecules. The standard
length marker (lane 2) can only serve as an approximate
guideline for higher ligation products.

Full-length transcripts (a—103/105mers)

The 103 (CRZ-2, PBDI1 and PBD2) or 105mers (PBD3 and
PBD4) are typically located below the 100 nt size standard
mainly due to the triphosphate at the 5'-end resulting from
in vitro transcription of the ribozymes (Fig. 2; Supplemental
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Fig. S3). The 103mer of CRZ-2 and PBDI is barely detect-
able after ribozyme reaction (Fig. 2, lanes 1 and 3), whereas
full length transcripts of PBD2 to PBD4 (lanes 4, 5, and 6)
are still visible. This implies that CRZ-2 and PBD1 exhibit
higher activity in cleaving off the 5'- or the 3’-end or both,
and producing the shortened fragments denoted with b
and ¢ (Table 2; Fig. 2).

Cleavage products (b—97, 94, 92, 91mer and c—linear 83mer)

In CRZ-2, PBD1 and PBD2, a 92mer and a 94mer are pro-
duced as intermediates upon the first cleavage. These two in-
termediates occur as one band, since the 94mer carries
additional charges from the triphosphate at the 5'-end. For
CRZ-2 and PBD2 (Fig. 2, lanes 1, 4), a prominent 92/94mer
band is visible, PBD1 shows none of these species. PBD3
and PBD4 produce a 91mer and a 97mer, with the 91mer car-
rying the triphosphate. Both systems show 91mers, whereas
the 97mer is only detectable for PBD4 (lanes 5, 6, and gel
pieces shown on the right). The final cleavage product of
all test systems is a linear 83mer. Lane 7 shows the 83mer
from CRZ-2 used as an additional size standard (Petkovic
and Miiller 2013). Interestingly, only CRZ-2 shows a band
corresponding to the final cleavage product, while linear
83mers of PBD1-PBD4 are not detectable, suggesting an im-
mediate consumption in ligation reactions.

Intramolecular monomeric ligation (d—cyclic 83mer)

From all produced monomers (I-83mer, 91mer, 92mer,
94mer, 97mer, 103mer, and 105mers) the linear 83mer is
the only RNA that may perform cyclization due to the chem-
ical constitution at its 3’- and 5'-end. However, the migration
behavior of an unknown cyclic species in a PAA gel is impos-
sible to predict by common size markers, since the overall
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FIGURE 3. Two-dimensional gel electrophoretic analysis of PBD1 (A),
PBD2 (B), PBD3 (C), and PBD4 (D). All samples were mixed with a lin-
ear RNA size standard prior to subjecting onto the gel. The first dimen-
sion gel of the respective system is implemented in each panel. The
diagonal marks the linear RNAs; circular species are denoted by an
arrow.
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FIGURE 4. Enzymatic ligation of the inactive 166mer and treatment
with exonuclease RNase R. Lane I: ligation mixture composed of liga-
tion product and remaining nonligated linear transcript; lane 2: RNA
size standard, 100 bases, 200 bases, 300 bases, 400 bases, 600 bases,
800 bases, and 1000 bases; lane 3: ligation product mixture after treat-
ment with RNase R (for details see Supplemental Material).

shape and the migration behavior of the cyclic RNA strongly
depend on the sequence (Grabowski et al. 1984; Sigurdsson
and Eckstein 1996). Previously, we have set up a two-di-
mensional-PAA gel electrophoresis assay (see Experimental
section of the Supplemental Material, and Petkovic and
Miiller 2013) to identify cyclic species by means of their non-
linear movement at different PAA concentrations. While
linear species move on a diagonal in the second dimension,
cyclic species are expected to show irregular movement.
Full-length CRZ-2 appears to form, if at all, only traces of a
circular 83mer (Fig. 2, lane 1; cf. also Supplemental Fig.
S4), while incubation of the isolated linear 83mer of CRZ-2
alone (lane 7) clearly produces the cyclic species. The cyclic
83mer is located approximately at the 150 nucleotide size
standard. For PBD1-PBD4, identification of cyclic species
was possible by 2D gel electrophoresis (Fig. 3). Interestingly,
all newly designed RNAs (PBD1-PBD4, lanes 3—6) do show
circular 83mers, while not showing any linear 83mers. In
case of PBD4, the cyclic species is not represented by a dis-
crete band, but rather appears as a smear.

Higher noncyclic ligation products (e—dimers, trimers,
concatemers)

Intermolecular backbone ligation can only occur upon dime-
rization of the 83mer and/or the intermediate cleavage prod-
ucts, carrying the required termini (5'-OH and 2’,3'-cyclic
phosphate). A summary of these species
can be seen in Table 2.

Identification of monomeric cleavage

Bands above the 200 bases ladder correspond most likely to
249mers (83 + 83 + 83) and even longer molecules. In com-
parison, we do see multiple species between 100 and 200 nt in
the full-length CRZ-2 lane (Fig. 2, lane 1). We can clearly
identify the 166mer at the same height as the 166mer in
the lane of the 1-83mer reference marker (lane 7). Shortly
above is a stronger band indicating intermolecular ligation
of the 83mer with a 92/94mer, or of the 92mer with the
94mer, respectively. The ratio between linear 166mer and
175/177mer would also be similar to the observed ratio be-
tween 83mer (c in lane 1) and 92/94mer (b in lane 1). The
bands further up are hard to interpret and might show a little
of c83mer and 186mer (92 + 94), as well as a 258/260mer (83
+ 83 +92/94) next to the 300 bases ladder.

Assignment of bands becomes more difficult for PBD1 to
PBD4. PBD1 (lane 3), our most efficient ribozyme concern-
ing 5'- and 3'-end cleavage, shows two bands in addition to
the c83mer, which most likely correspond to the linear
166mer (83 +83) and 249mer (83 + 83 + 83), respectively.
PBD2 (lane 4) shows four species between the 105mer (a)
and the c83mer (d). Since we can see a clear band for 92/
94mers (b) we suggest that these species took part in inter-
molecular ligation reactions with 83mers resulting in a
diverse set of dimers (e). However, we cannot exclude that
a low running trimer is present as well. PBD3 and PBD4
(lane 5, 6) show mostly the same species with different inten-
sities. Analogous to PBD1 they show noncircular species that
most likely represent the homo-dimer (83 + 83) and possibly
hetero dimers and/or a trimer.

Cyclic dimer formation

With the purpose of identifying cyclic dimers in the reaction
mixture we designed and synthesized an inactive dimer
(CRZ*) which should mimic the behavior of its CRZ-2
equivalent (Supplemental Material). Figure 4 shows two ver-
sions of nonreactive CRZ*, the linear species at ~166 nt
length and the enzymatically ligated circular version at a
height of ~800 bases (lanes 1 and 3). By comparison with
the results shown in Figure 2, a band at comparable height
(~800 bases), is detected only in the 1-83mer marker (lane

TABLE 2. Lengths of possible cleavage and ligation products upon RNA self-processing

products was straight forward since they

Ligation products Ligation products

move roughly according to their size. Full
Identification of higher ligation prod- ~ RNA  length (@)°
ucts is challenging, because their move- PBD1 103
ment can be irregular (Cruz-Reyes et al. PBD2 103
1998). However, by means of the -  PBD3 105
83mer marker (Fig. 2, lane 7) we know PBD4 105
CRZ-2 103

that the species moving ~150 nt length

Cleavage composed of only of mixed
products (b, c)* 83mers (d +e)* composition (e)™P
83 (c), 92,94 (b) 83 (d), 166, c166, 249 (e) 175,177, 186
83 (c), 92,94 (b) 83 (d), 166, c166, 249 (e) 175,177, 186
83 (c), 91,97 (b) 83 (d), 166, c166, 249 (e) 174, 180, 188
83 (c), 91,97 (b) 83 (d), 166, c166, 249 (e) 174,180, 188
83 (c), 92,94 (b) 83 (d), 166, c166, 249 (e) 175,177, 186

is actually the circular 83mer, while the
covalently linked linear 166mer (83 +
83) is located roughly at 120 nt length.

(@) Full-length transcript, (b) cleavage intermediates, (c) final cleavage product, (d) cyclic
monomer, (e) concatemers; compare also legend of Figure 2.
Note that in addition to dimers and trimers also longer concatemers can be formed.
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7), although being rather weak. All other ribozymes do not
exhibit measurable amounts of circular dimers in PAA gels.

AFM measurements

To obtain deeper insight into the self-processing behavior of
the designed RNAs and in particular into chain lengths distri-
bution, we supplemented the biochemical analysis by Atomic
Force Microscopy (AFM). AFM imaging is able to visualize
RNA chains on single molecule level (Henn et al. 2001), al-
lowing to characterize even rarely produced RNA species
that are difficult (if not impossible) to observe in gel electro-
phoretic experiments. We analyzed four candidates out of the
investigated self-processing RNAs with AFM imaging under
semidenaturing conditions: CRZ-2, PBD1, PBD4, and the
isolated linear 83mer of CRZ-2. These reaction mixtures
showed high diversity upon biochemical analysis (Fig. 2,
lanes 1, 3, 6, 7), with PBD1 forming predominantly cyclic
83mers, linear 166mers, and 249mers, and PBD4 expressing
a plethora of dimeric and of multimeric species.

Figures 5 and 6 show representative examples for tapping
mode (TM) AFM images of ribozymes (recorded in air after
RNA immobilization on mica and drying). The observed
RNA chains adopt either a coiled (see white arrow in Fig.

5A), or uncoiled conformation which consists of rod-like
segments, connected by kinks. Hence, for the uncoiled con-
formation it is possible to measure the lengths of the consti-
tuting segments as well as the contour length of the whole
chain. That allows a comparison of the observed molecules
with secondary structure prediction of the species listed in
Table 2. Immobilized under native conditions, all observed
molecules had a coiled conformation (data not shown), while
semidenaturing conditions resulted mostly in uncoiled con-
formations having the rod-kink-motif. Hence, the majority
of the AFM measurements were done on RNA chains pre-
pared under semidenaturing conditions (see Figs. 5, 6 for a
representative overview). Histograms showing both the con-
tour lengths and the segment lengths for all four analyzed ri-
bozymes can be seen in Supplemental Figures S5 and S6,
contour-length results are summarized in Table 3. These his-
tograms are in agreement with the expected values from sec-
ondary and tertiary structure prediction: All single-molecule
ribozyme species (83mer—105mer) are expected to form a re-
active structure with two stiff helical regions (segments) con-
nected with a flexible kink. If we assume a typical pitch of 0.3
nm per base pair (Arnott et al. 1973; Henn et al. 2001), the
83mer consists of two stiff regions with 5.4 and 6.3 nm length
plus a kink of about five bases. The contour length would
therefore be ~11.7 nm plus the kink re-
gion. Monomers that have noncleaved
ends would form the same helices but
have additional single stranded regions
in the kink region or sticking out from
one of the helices. Based on these single
stranded regions, different monomer
variants would be hardly distinguishable
with AFM imaging. Accordingly, differ-
ent dimer species are expected to fold
into a conformation where ~166 bases

J

7 are involved in successive helical regions
(166 x0.15 nm=24.9 nm), trimers
with 249 bases resulting in 37.35 nm
— and so on.

The contour-length histogram of the
linear 83mer shows three contour-length
peaks at 13.4, 24.5, and 36.5 nm, as well
as very few molecules with even higher

= lengths (Supplemental Fig. S6a). These
L“" peaks closely map to expected values for
J\& regularly folded monomers, dimers and
trimers, respectively, making an inter-
]

FIGURE 5. Tapping mode (TM) AFM phase images (range: 0°-30°) of the reaction products re-
sulting from incubation of the I-83mer (isolated from CRZ-2 system) in cleavage/ligation buffer.
For AFM analysis, samples were precipitated and resolved in 25 mM EDTA and 3.5 M urea (semi-
denaturing conditions). Scale bars: 50 nm (A), 10 nm (B-D). The overview scan (A) shows RNA
chains in coiled (white arrow) and unwrapped conformation. High-resolution TM images (B-D)
allow investigation of the internal structure of 83mers (B), dimers (C), and trimers (D). For con-
venience, schematics have been included on the right side to help with the interpretation of the
AFM images. The corresponding height images are given in Supplemental Figure S7.
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pretation straightforward. The segment
lengths, representing individual helical
regions, showed peaks at 5.9, 8.5, and
13.8 nm (Supplemental Fig. S5a), which
most likely correspond to the monomer
helices and dimer-variants of these heli-
ces. AFM imaging reveals that the mono-
mer of the 1-83mer typically consists of
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FIGURE 6. AFM images of RNA: CRZ-2 (A, al-a8), PBD1 (B, b1-b8),
and PBD4 (C, cl—cl4). Scale bars: 100 nm (A-C), 10 nm (al—c14);
height scale 1 nm in all images. RNA chains have typically a height of
~0.4 nm in the AFM images. Overview scans (A—C) show a mixture
of RNA chains of different contour length L. for all three sequences in-
vestigated. Analysis of contour-length histograms (see Supplemental
Fig. S5 and S6) for CRZ-2, PBD1, and PBD4 allowed association of
most of the observed RNA chains with the species listed in Table 2 (as
indicated in the figure). This procedure failed for two shortest species
(a—c 1,2) and the one having a contour length ~18.7 nm (a—c 3,4), as
the calculated numbers of bases did not match any entry of this table
(see text for a detailed discussion).

one “short” and one “long” segment, which enclose an angle
of ~110° (Fig. 5B). The dimer may be composed of two, three
or even four segments (Fig. 5C, left to right), while the trimer
shows typically a very complicated internal structure (Fig.
5D). Hence, a large variety of possible conformations is ob-
served for dimers and trimers in the AFM images.
Full-length CRZ-2, as well as PBD1 and PBD4 show an
even wider spectrum of contour-length peaks and chain con-
formations (see Supplemental Figs. S5, S6), which is expected
from the computational design and the biochemical analysis.
In the AFM measurements, full-length CRZ-2 creates pre-
dominantly species being shorter than 24 nm (Supplemental
Fig. S6b). This “cut-off” shifts to 36 nm for PBD1, while
much longer RNA chains (up to ~80 nm) are observed for
PBD4. Hence, the population shifts progressively to longer
RNA products from CRZ-2 over PBD1 to PBD4, which is
in agreement with the gel electrophoretic analysis. All struc-
tures show contour-length peaks at expected values close to
those from the 1-83mer, which makes an identification of
monomers, dimers, and trimers straightforward. Monomers

appear mostly in a rod-like conformation, and a kink (similar
to the 1-83mer monomers) is rarely resolvable (Fig. 6, a3, a4,
b3, b4, c3, c4). Dimers adopt L- and Z-like conformations
(Fig. 6, a7, a8, b7, b8, ¢7, ¢8). Higher ligation products (tri-
mers, etc.) are currently only observed for PBD4, which
can lead (similar to the 1-83mer) to very complicated and ir-
regularly shaped internal chain structures (c9—c14 in Fig. 6).
However, besides these species, also additional peaks are
found at contour lengths that are (i) shorter than the expect-
ed value for a regularly folded monomer (6.5 and 9.0 nm,
observed for CRZ-2, PBD1 and PBD4), (ii) between the
monomer and dimer length (17.2 nm for CRZ-2, 19.0 nm
for PBD1, and 20.0 nm for PBD4), or (iii) between the dimer
and trimer length (31.7 nm for PBD1, 29.6 nm for PBD4).
We can exclude that cleaved ends from processed full-length
ribozymes would have a length of 6.8 nm or 9.5 nm in the
AFM images (for the measurement conditions used in the
experiments). Instead, we can show that the smaller peaks
match very well to segment length measurements (Supple-
mental Fig. S5), suggesting that only one of the two helices
is resolved by AFM imaging. Accordingly, we know that the
catalytically active structure involves tertiary interactions to
closely orient both helices to each other. Uncleaved structures
with single stranded regions in the kink region might favor
the back folding of the helices despite semidenaturing condi-
tions, which are meant to destroy tertiary base pairs. The
AFM images further support this interpretation: Species
having a contour length ~18.7 £ 1.4 nm (i.e., between the
monomer and dimer length) typically show an L-like confor-
mation. Complementing this chain structure with a third seg-
ment (which might be irresolvable in the images due to back
folding of one helix) having a length of 6.6 + 0.4 nm (first
peak in the segment length histograms, see Supplemental

TABLE 3. AFM  contour-length  measurements and their
implications on the ratio between monomers (M), dimers (D) and
trimers (T)

AFM contour-length measurements (nm)

Species length

CRZ-2
Number of bases |-83mer CRZ-2 PBD1 PBD4
M (83-103/105) — 6.8+£0.7 6.2+0.7 63x0.7
- 95+04 93+0.7 83+0.9
134+£19 123+1.1 13.8+1.3 14.2+1.0
D (166-186/188) — 17204 19.0+1.7 20.0+1.0

245+1.0 24.0x0.9

24517 22.7+0.6
- 31.7£0.9 29.6+0.7

T (249-269/271) -

36.5+3.2 - 36.5+0.7 34.8+0.5
Ratio (M:D:T) 2:1.5:1 7.4:1:0 10:2.8:1 4.5:1:1
Bold ratio only 2:1.5:1 6:1:0 9.5:4:1 2.5:1:1
(M:D:T)

Bold values correspond to contour lengths exactly matching ex-
pected values. Given are average values + standard deviation of
the Gaussian fits in the contour-length histograms (see
Supplemental Fig. S6).
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Fig. S6) gives a Z-like conformation with a total contour
length of 25.3 + 1.8 nm, matching well the expected value
for a regularly folded dimer (24.9 nm). Using the same rea-
soning, the peaks ~6.4 + 0.3 and 9.0 + 0.6 nm may be inter-
preted as “partially back folded” monomer and the one
~30.7 £ 1.5 nm as a “partially back folded” trimer.

To compare the AFM findings with the computational de-
sign and the results of the biochemical analysis, we calculated
the number frequency of each species from the contour-
length histograms. The ratio between observed monomers,
dimers, and trimers are given in the last two lines of Table
3: One line calculates the ratios regarding all peaks and one
line regards only those peaks in the contour-length histo-
grams that exactly matched the expected contour lengths.
However, both lines show very similar ratios, indicating
that using the “backfolding hypothesis” does not affect the fi-
nal conclusions of the AFM measurements.

DISCUSSION

Taken together, the results of the biochemical analysis in
combination with AFM imaging confirm the predicted
behavior of the self-processing RNAs CRZ-2, PBD1, PBD2,
PBD3, and PBD4. All RNAs undergo two initial cleavage
events that truncate the full length transcript at the 5'- and
3’-end to a linear 83mer with 5'-hydroxyl group and 2’,3’-cy-
clic phosphate required for ligation. The subsequent intra-
molecular ligation delivers exclusively cyclic versions of the
83mer, whereas intermolecular ligation produces dimers
and longer concatemers, which apart from PBD4, have no
or rather low tendency toward cyclization. This implies that
formation of cyclic dimers is extremely unfavored, since it re-
quires the ligation at two sites simultaneously. The same ap-
plies to longer concatemers that are rather rare anyway.

Comparing experimental results with theoretical predic-
tions, we observed two major points, as discussed in detail
below. (i) All designed species are highly efficient in circular-
ization or ligation of cleavage products (optimized with the
scoring function k;). Thermodynamic optimization, howev-
er, resulted in less efficient cleavage reactions compared to
CRZ-2, since the cleaved ends remain tightly bound and
equilibrium is shifted toward ligation. (ii) PBD1-PBD4
vary in the formation of monomers and multimers (as in-
tended by scoring function k;), but interestingly, molecule
optimization for stable dimers reduced the variety of dimer
species and did not lead to a higher yield of trimers. Figure
7 shows a detailed analysis for each ribozyme and will serve
as a guideline to discuss observed results from PAA gel elec-
trophoresis and AFM. During the cleavage cascade, we can
distinguish three types of reaction steps: (i) formation of re-
active structures, (ii) dissociation of cleaved ends after ribo-
zyme reaction, and (iii) refolding of an unbound reaction
product into a new reactive structure. In Figure 7, each of
these steps is characterized by an activation free energy (see
Supplemental Material for details).
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FIGURE 7. Cleavage cascades of molecules CRZ-2 and PBD1-4. Black
numbers correspond to the length of the molecules or to the fragment to
be cleaved (5'- and 3’-end). Superscripts 5, 3/, ¢, or | mark molecules in
areactive conformation to cleave the 5'-end, the 3’-end, to circularize, or
to linearize, respectively. Reversible cleavage reactions are indicated by
double arrows, bent arcs denote refolding steps that are considered as
irreversible. The line width of arcs is proportional to the refolding
rate; red numbers denote the corresponding energy barriers (limiting
the refolding rate). The line width of green boxes is proportional to
the equilibrium probability of a reactive conformation; green numbers
in parentheses denote the corresponding difference between the free en-
ergy of the reactive structure and the ensemble free energy.
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Full-length transcripts (a—103/105mers)

Our theoretical analysis shows that dissociation of the cleaved
ends from computationally optimized ribozymes (PBD1-4)
has to overcome a higher energy barrier than in the case of
manually designed CRZ-2 (Fig. 7). This is due to the fact
that designed molecules are optimized to fold primarily into
catalytically active conformations, and therefore also the
cleaved conformations with tightly bound ends are very stable.
It is known that tightly bound fragments shift equilibrium to-
ward ligation (Fedor 1999), and this would explain why we see
full-length product for three of our four designed ribozyme
species (PBD2, PBD3, and PBD4), but not for CRZ-2. Here,
the 5'-end is efficiently cleaved off, and the resulting transient
fragments tend to accumulate as 92mers (Fig. 2, lane 1). The
full-length transcript PBD1 (103mer) is completely con-
sumed despite its high dissociation barriers, indicating that
in agreement with theoretical analysis, the dissociation of
cleaved ends is an irreversible step at experimental conditions.

Cleavage products (b—97, 94, 92, 91mer,
and c—linear 83mer)

The cleavage cascade can start with either of two reactive con-
formations resulting in cleavage of the 5'- or 3’-end. In the
case of CRZ-2, none of these conformations correspond to
the ground state of the molecule, rather they are 4.2 and
8.5 kcal/mol above the ensemble free energy. Cleavage of
the 5’-end is the favored reaction, but results in a structure
that has to overcome a high barrier to fold into the reactive
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92mer conformation for 3'-end cleavage. In equilibrium, the
reactive structure is sparsely populated, since it is 7.2 kcal/
mol above the ensemble free energy. We therefore expect
that the prominent band b in the CRZ-2 lane in Figure 2 is
mostly 92mer, since the 94mer is (i) the less favored cleavage
product and (ii) more likely to undergo the following-up
cleavage reaction. PBD3 and PBD4 enable a clear separation
of cleavage products on the gel picture, due to their differ-
ently sized ends. Both molecules differ by only two point mu-
tations in one hairpin loop of the reactive conformations
(Fig. 1). Since this hairpin remains closed in all reactive spe-
cies as well as on the most favorable refolding paths between
the species, all important free energies differ by a constant
factor (1.4 kcal/mol), and the barrier heights and structure
ensemble probabilities are the same. The distribution of mo-
nomeric species should therefore be exactly the same for
PBD3 and PBD4. Both molecules favor to cleave first the
3’-end, and second the 5’'-end. This is in accordance with ex-
perimental results, showing mainly the 91mer as favored in-
termediate product. The 97mer is observed, particularly for
PBD4, when higher amounts of RNA are subjected onto
the gel (Fig. 2; Supplemental Fig. S3d).

Higher noncyclic ligation products (e—dimers,
trimers, concatemers)

All hairpin-ribozyme variants can form two long helices, both
of which have the possibility to form stable dimers that pre-
serve the feature of catalytic activity. PBD1 and PBD3 have
self-complementary hairpin loops, which results in a generally
stronger tendency to dimerize, and a higher probability to re-
tain catalytic activity upon dimerization. Since PBD1 is ex-
tremely efficient during the monomeric cleavage cascade, it
shows only minor amounts of intermediate cleavage products
(Fig. 2; Supplemental Fig. S3a) that could form dimers.
Accordingly, the only dimer species we see is the 166mer (e
in lane 3). CRZ-2 and PBD2 show the greatest variety of con-
catemeric species. In the case of CRZ-2, we see stable 92-/94-
and 83mer cleavage products (Fig. 2, bands b and cin lane 1).
The probabilities to ligate their reactive ends are higher than
the probabilities to cleave off the remaining terminal sequence
patches, which corresponds to the fact that we observe a variety
of concatemeric species. PBD2 shows only the 92-/94mer
band b and no band for the 83mer ¢ (Fig. 2, lane 4), but it
has the highest probabilities (after PBD1) to ligate intermedi-
ate cleavage products, and, in contrast to PBD1, a low proba-
bility to cleave reactive ends upon dimerization.

PBD3 and PBD4 differ only in the self-complementarity of
one hairpin loop and thus should be the best systems to study
the influence of such mutations. Resulting from perfect self-
complementarity, PBD3 has both higher probabilities to li-
gate intermediate products and higher probabilities to cleave
ends from dimer species. However, the only detectable cleav-
age intermediate on gel pictures for PBD3 is the 91mer,
which cannot ligate with itself to a higher species. Accord-

ingly, we see exclusively the linear 166mer (dimer). For
PBD4 also the 97mer is detectable (Fig. 2; Supplemental
Fig. S3d). Interestingly, PBD4 shows more multimeric spe-
cies, suggesting that design toward stable dimers (PBD3)
leads to a lower diversity of multimers.

AFM visualization of RNA molecules

RNA species are identified using differences in their contour
length, which however, can cause ambiguities if species differ
only by a few nanometers. Hence, it was not possible to dis-
tinguish linear and cyclic species (same contour length), dif-
ferent monomeric cleavage products from the full length
transcript (contour lengths differ by <2 nm), or to distin-
guish, which type of dimer, trimer, etc. is observed in the
AFM image. However, AFM resolved structural features (he-
lices, loop regions) and observed segment and contour
lengths that match with secondary structure prediction for
monomers, dimers, and trimers. In the case of the linear
83mer of CRZ-2 (which can only form multiples of itself)
the typical pitch of 0.30 £ 0.02 nm per base pair in a helix
(Arnott et al. 1973; Henn et al. 2001) matches exactly our ob-
served segment and contour lengths. Contour lengths that do
not match the values of regularly folded monomers, dimers,
and trimers can be explained by spatial proximity of two ad-
jacent segments, such that two segments appear as one.
Supporting this hypothesis, adding a single segment from
the segment length histogram to truncated RNA species
would lead to expected contour lengths.

We furthermore observed that, although the samples were
dried before imaging, the RNA chains kept most of the initial
helical conformation. This was also observed in earlier stud-
ies (Bonin et al. 2000; Henn et al. 2001; Abels et al. 2005), and
indicates that the RNA chain structure is sufficiently con-
served to yield meaningful results using AFM imaging in air.
Tip convolution, which may lead to a systematic overestima-
tion of the contour lengths, introduces only minor distur-
bances. Using typical experimental parameters (tip radius
<5nm, RNA chain height <0.4 nm), tip convolution increases
the lateral chain extension by <3 nm (measured as full-width
half maximum/FWHM) (Ortinau et al. 2010), which is <20%
of the monomeric contour length, <10% of the dimeric
one, etc. However, the good quantitative agreement suggests
that tip convolution effects (i.e., the effective tip radius) are
smaller than expected for tip radii extracted from calibration
measurements as described in Materials and Methods.
Taken together, the results of AFM measurements confirmed
and complemented the conclusions drawn from the gel elec-
trophoretic analysis. While smaller fragments are dominating
for CRZ-2, a tendency toward larger constructs is seen for
PBDI, and for PBD4 a majority of rather complex structures
is detected (Fig. 6). Comparing the outcome of the AFM anal-
ysis for PBD4 with the gel shown in Figure 2, these complex
structures are either cyclic species of varying lengths or folded
concatemers, since they most likely correspond to the smear of
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bands in the area of d (Fig. 2, lane 4, cf. also Fig. 3D;
Supplemental Fig. S4d), and thus show an anomalous migra-
tion behavior as typically observed for cyclic or folded RNA
species (Grabowski et al. 1984; Sigurdsson and Eckstein 1996).

We obtain clear results from contour-length measure-
ments counting relative amounts of monomers, dimers,
and trimers (Table 3). Regardless of whether we compare ra-
tios of theoretically expected peaks only, or include the peaks
corresponding to partly unresolved molecules, we observe
more dimeric and trimeric species for our newly designed
species PBD1 and PBD4, which is in agreement with our de-
sign objective. Furthermore, PBD1 tends to form dimer spe-
cies, again in agreement with our design goal, while PBD4,
which was theoretically optimized to form cyclic monomers,
shows the highest multimer variety both on PAA gel electro-
phoresis and AFM imaging.

To summarize, imaging ribozymes on the single-molecule
level using AFM provides information that complements re-
sults obtained from the gel electrophoretic analysis and the
computation analysis (and vice versa), making a combination
of these techniques promising and very powerful. Our study
revealed that (i) self-processing activity can be programmed
into RNA structures, (ii) self-processing activity can be pre-
dicted and optimized by computer-aided design, and (iii)
AFM turned out to be a powerful technique to image the re-
action products at the single molecule level, even for short
RNAs (<100mer). Dynamic processes like self-induced to-
pology changes and oligomerization and their sensitivity
upon sequence variation are essential for biological self-orga-
nization and evolution. Moreover, a large number of publica-
tions over the past two years have shown that biological
processing of RNA into circular species with often still un-
known function is widespread in nature. Thus, nowadays
the emergence of circular RNAs and their cellular function-
alities are actively investigated (Hansen et al. 2011; Abe
et al. 2012; Danan et al. 2012; Jeck et al. 2013; Liu et al.
2013), making the development of in vitro techniques for
RNA circularization and the study of models mimicking
the processing into circular species even more important.

MATERIALS AND METHODS

Computational ribozyme design

To have a consistent, length-independent annotation for all possible
RNA species that can emerge from a starting (full-length) ribozyme,
we introduce the following notation: We denote the 5'- and 3'-ends
of the full-length molecule as L (left) and R (right), respectively, and
the linear core as C (center). An initial ribozyme species therefore
consists of three parts and can be abbreviated as “LCR” molecule.
Additionally we introduce the term O for the circular version of
C. Despite the ability of C to form a circular O, multiple copies of
C can ligate to one long strand that itself can form a maxi-cycle
(e.g., CCC-C340;5).

The following two scoring functions (k; and k) were used to
select for ribozymes which are able to process themselves efficiently
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into cyclic monomers (k;) and to differentiate between those,
which predominantly form catalytically active or inactive dimers
(k3). Both functions estimate rates for cleavage reactions by com-
puting the probabilities of catalytic secondary structures, hence fol-
lowing two hypotheses: First, a cleavage/ligation rate is proportional
to the equilibrium probability of a catalytically active secondary
structure; second, the cleavage reaction leads to dissociation of
the shorter fragment and is therefore irreversible. Equilibrium
probabilities of RNA molecules can be calculated from the equilib-
rium partition function (Z); Z can be calculated using the McCaskill
algorithm (McCaskill 1990) implemented in RNAfold of the
Vienna RNA package (Lorenz et al. 2011). Let Z(LCR) be the equi-
librium partition function over all feasible secondary structures
compatible with the molecule LCR, and Z(LCRY) be the con-
straint partition function over all reactive secondary structures in
which L can be cleaved off, then the probability P(LCR"Y) can be
computed as

Z(LCRY)

P(LCRY) = Z(LCR)

()]

All computations were done using the Vienna RNA package
Version 2.1.6 with standard energy parameters at 37°C. Supplemen-
tal Figure S2a shows our model of the cleavage cascade yielding cyclic
monomers. It starts with a full-length molecule (LCR) that can pro-
cess itself into the linear catalytic core in two parallel ways. Either the
5’-end (L) of the sequence is cleaved first and the resulting truncated
version (CR) cleaves the 3’-end (R), or vice versa. For both of these
parallel, two-step reaction pathways we are interested in the rate lim-
iting step which determines the speed of the cascade. Since we ap-
proximate cleavage rates from probabilities of catalytic secondary
structures, the rate limiting cleavage reaction is the minimum of
both probabilities, and the total rate is the sum of both parallel cleav-
age pathways. The yield of circular reaction products is computed as
the fraction of circular molecules in equilibrium (Z(0)/(Z(O) +Z
(C))) resulting in the following scoring function:

c — — 1 (imin P(LCRY) + min P(LCRR)\  Z(0)
1= P(CRY) P(LCY) ) Z(0) + Z(C)

(2

Our model of the cleavage/ligation cascade which forms circular
dimers is shown in Supplemental Figure S2b. It follows the assump-
tion that dimerization between full-length molecules happens first,
then an intramolecular cleavage cascade is triggered, and finally the
system equilibrates between all dimeric cleavage products. While
monomers have one reactive ground state with two conserved inte-
rior loops to cleave one of their ends, dimers can form up to two re-
active centers in three different ways to cleave one end (see
Supplemental Fig. S2b). The two interior loops needed for a reaction
are commonly called loop A (harboring the reactive site) and loop
B. Our computations to score the dimer-cleavage cascade require
at least one of these loop regions to be formed intermolecularly,
since k; already scores the molecules according to their intramolec-
ular cleavage efficiency. The probability to cleave both 5'-ends (L)
from a LCR dimer P(LCRéL) can therefore be computed as

Z(LCR%)

P(LCR}) = ———4=
(LCRD) = Z LRy

(3

where Z(LCRIZ,L) is the sum of two distinct sets of structures in
which loop B is either formed intramolecularly or intermolecularly.
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Similar to k;, the yield of circular dimers is computed as the frac-
tion of circular dimers in equilibrium (Z(0,)/(Z(CC) + Z(C,) + Z
(0,))) with CC and C, denoting noncovalently and covalently
bound dimers, respectively. The second scoring function x, is there-
fore computed as

2L 2R
Ky = — ln<[LCRd]H (min{ PILCR;) + min{ P(LCR; )>.

[LCR], P(CR2®) P(LC?H)

Z2(0,) @
Z(CO) +2(C) + 2(0y) )’

where the first term [LCR;]¢/[ LCR]g computes the equilibrium ratio
between dimers and monomers at a given concentration 6 (here 100
nM) for the LCR molecule following Bernhart et al. (2006) The
scoring function only maximizes the probabilities for catalytically
active homo-dimers; pathways that involve dehybridization of
partially cleaved species are not included. This corresponds to the
assumption that intramolecular cleavage reactions as well as intra-
molecular folding kinetics are faster than intermolecular structural
rearrangements.

Self-processing reactions

RNAs (11.25 pmol) were solved in Tris—HCI buffer (10 mM, pH =
7.5). After denaturation for one minute at 90°C, RNA folding was
allowed for 10 min at room temperature. To initiate the cleavage re-
action, MgCl, hexahydrate to a final concentration of 10 mM was
added and reaction was allowed to proceed for 2 h at 37°C. To favor
ligation, Mg2+ concentration was increased up to 50 mM, and reac-
tion proceeded for additional 2 h at 37°C. Reaction was stopped us-
ing an equal volume of stop mix composed of urea (7 M) and EDTA
(50 mM) for the following PAGE analysis.

Two-dimensional electrophoresis

Identification of circular RNAs by 2D electrophoresis is based on the
fact that the migration of linear and circular nucleic acids is dis-
tinctly dependent on the gel pore size (Sigurdsson and Eckstein
1996; Umekage and Kikuchi 2009). To enrich the samples with lin-
ear RNAs for better identification of the circular species, a commer-
cially available RNA size standard (RiboRuler low-range RNA
ladder; Fermentas) being composed exclusively of linear RNAs was
added. Each individual mixture was separated in the first dimension
gel. Then, the gel piece corresponding to the entire lane was cut out
and used for electrophoresis in the second dimension, upon which
linear RNAs are supposed to form a diagonal. Covalently closed cy-
clic RNAs possess reduced degrees of freedom, thus migrating in
nonlinear dependence on the linear species and occurring beyond
the diagonal (Pasman et al. 1996).

All ribozyme variants (11.25 pmol) were analyzed using 2D PAGE
(for polyacrylamide gel composition, buffers and staining see
“PAGE analysis”). First dimension: denaturing conditions (7 M
urea) 15% polyacrylamide; second dimension: 17.5% denaturing
polyacrylamide or 15% native polyacrylamide.

RNA preparation for AFM analysis

Ribozyme reactions were carried out as described above using 400
nM RNA. After reaction, the product mixture was diluted 1:10,

and 5 pL of this solution were lyophilized. The pellet was taken
up in 50 pL of semidenaturing buffer (25 mM EDTA, 3.5 M urea)
to a final RNA concentration of 4 nM for imaging. Resolved RNA
samples were frozen in liquid nitrogen until use.

Atomic force microscopy (AFM)

AFM imaging was performed in air using a Multimode atomic
force microscope (Veeco/Digital Instruments) equipped with a
Nanoscope IIIa controller. The AFM piezo scanner was calibrated
using calibration gratings TGZ01 (rectangular 26 nm SiO, steps
on silicon wafer; MicroMasch) and PG (chessboard-like pattern
on silicon, 100 nm depth and 1 um pitch; manufacturer: Digital
Instruments).

RNA samples were prepared by placing a small droplet of RNA
solution onto freshly cleaved mica (SPI Supplies). For the investigat-
ed RNA constructs, adsorption times of 30 sec to 2 min were suf-
ficient to obtain a suitable RNA surface coverage on the mica
substrate. After adsorption, the RNA samples were rinsed in Milli-
Q water (Millipore) and dried in a laminar flow hood, followed
by AFM imaging.

The images were recorded with conventional Tapping Mode in
air using standard tapping mode cantilevers (OMCL-AC160TS,
Olympus). Before usage the cantilevers were tested with a Nioprobe
self-imaging sample (Aurora Nanodevices) and only cantilevers
with tip radius <5 nm were used for imaging. To reduce tip contam-
ination by RNA uptake during imaging process, cantilevers were
functionalized with 3-aminopropyldimethyl-ethoxysilane (APDES)
from ABCR (Karlsruhe) one day prior usage.

In contrast to DNA samples, whose structure often remains un-
changed even after storage periods of several months (as judged
by their spatial properties in AFM imaging), samples had to be im-
aged within few days after preparation. The highest resolutions were
always obtained directly after preparation, while storing in air often
led to post-preparational RNA chain degradation already after few
weeks.

Images were analyzed using the software supplemented with the
AFM. The shape of an RNA chain was “retraced” in terms of a se-
quence of connected straight segments, which allowed to calculate
the contour length as sum of Euclidean distances (Rivetti et al.
1996). As shown by Rivetti and Codeluppi (2001) (who numerically
assessed the accuracy of different methods for contour-length deter-
mination) this approach has an intrinsic error <1%. The main
source of error in the contour-length determination is therefore giv-
en by the lateral resolution of the AFM, which is on the order of few
nanometers (see Discussion for details).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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