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ABSTRACT

Small RNAs capable of self-cleavage and ligation
might have been the precursors for the much more
complex self-splicing group | and Il introns in an early
RNA world. Here, we demonstrate the activity of en-
gineered hairpin ribozyme variants, which as self-
splicing introns are removed from their parent RNA.
In the process, two cleavage reactions are supported
at the two intron-exon junctions, followed by ligation
of the two generated exon fragments. As a result, the
hairpin ribozyme, here acting as the self-splicing in-
tron, is cut out. Two self-splicing hairpin ribozyme
variants were investigated, one designed by hand,
the other by a computer-aided approach. Both vari-
ants perform self-splicing, generating a cut-out in-
tron and ligated exons.

INTRODUCTION

RNA splicing is a process of pre-mRNA maturation prior
to translation, consisting of two transesterification reac-
tions. As a result, the intron is cut out and the two re-
maining exons are ligated. This process is mediated in eu-
karyotes mainly by the spliceosome, a RNA—protein com-
plex. The spliceosome does not exist in prokaryotes and
archaea. Here, RNA splicing is mediated by the action of
self-splicing group I or II introns. Hence, the group I and
group II self-splicing introns are ribozymes that, in a simi-
lar way to the spliceosome, catalyse two transesterification
reactions. Group II introns and the spliceosome share com-
mon architectural features and a common splicing mecha-
nism. Furthermore, structural similarities between the pro-
teins encoded by group II introns and the spliceosomal pro-
tein PrP8 suggest a common catalytic core, which substanti-
ates the long-held assumption that group II introns and the
spliceosome share a common evolutionary origin (1). It is
unclear when introns and splicing arose in the evolution of
life, but the efficiency of self-splicing introns suggests an ori-
gin in the RNA world (intron first or intron early hypothe-

sis) (2). Perhaps self-splicing introns, as the selfish genes that
they are seen as in a DNA world today, were just emerging
as one of the first parasitic elements, inserting themselves
into other RNA species to be replicated without regard to
the overall effect on the host RNA (3). In the RNA world
however, RNA organisms may have gained some real ben-
efit from splicing. As seen in eukaryotes today, alternative
splicing can be used to reorganise segments of a gene to ob-
tain different phenotypes out of a probably limited geno-
type (4-6). In addition, exon-exon shuffling between genes
within one RNA or trans-splicing between genes of two dif-
ferent RNAs has an evolutionary effect, which creates new
combinations of genes (6), as strongly exemplified in the
metazoan radiation (7). Furthermore, self-splicing introns
may have been useful for transmission of genetic material
between RNA populations through reverse splicing mech-
anisms (8). Excised introns may also have played a role in
processes of RNA maturation or as regulatory factors, as
seen today with miRNAs or snoRNAs abundantly found
in introns (9). Lastly, splicing may lead to circularization
of excised RNA (10), which may have been advantageous
in terms of replication. End-to-end copying of a linear tem-
plate requires the definition/identification of a specific initi-
ation site, because replication could otherwise initiate any-
where, and complete replication would be rather unlikely.
The circular RNA could have undergone rolling circle am-
plification without the need for a defined initiation site, and
potentially may have led to a higher output of RNA copies.

Both, group T and II self-splicing introns, are rather
large and highly-structured ribozymes, which facilitates
their high efficiency and substrate generality, but also makes
their appearance in the early RNA world highly improbable.
Hence, other RNAs, as more simple precursors to these ri-
bozymes, are more likely candidates to catalyse self-splicing
in the RNA world. We recently demonstrated hairpin ri-
bozyme (HPR) mediated RNA recombination (11,12). This
included the rational design of a hairpin ribozyme vari-
ant, able to independently bind and cleave two different
RNA substrates, followed by ligation of recombined frag-
ments, thus demonstrating an evolutionary process by re-
combining non-functional RNAs to a functional hammer-
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head ribozyme (11), and the functional hammerhead ri-
bozyme further on to an effector responsive aptazyme (12).
Ribozyme mediated RNA recombination has some similar-
ities to the process of group I intron catalysed splicing, as
demonstrated by Lehmann ez al. by the construction of a
recombinase ribozyme derived from the azoarcus group 1
intron (13,14). Both recombination and splicing occur by
transesterification reactions, however, the mechanism of the
transesterification catalysed by the hairpin ribozyme and
the group I intron differ from each other. Reaction of the
hairpin ribozyme is initiated by an internal attack of the 2'-
OH on the neighbouring phosphate, leading to an in-line
rejected 5-OH and a 2',3'-cyclic phosphate (cP) (15). The
transesterification supported by the group I intron, is trig-
gered by the nucleophilic attack of the 3’-OH of an external
guanosine onto the phosphorous at the 5'-splice site. This
results in an intron, which is elongated at its 5'-terminus by
one guanosine and a 5-exon carrying a 2’,3'-diol. The 3'-
OH of the generated diol then attacks the phosphate at the
3’-splice site, resulting in ligation of the exons and excision
of the intron RNA (16).

A hairpin ribozyme that performs the function of a self-
splicing intron needs to catalyse three transesterification re-
actions: two cleavage reactions generating fragments with
5’-OH and 2’,3'-cP as intermediate products, and one liga-
tion reaction between the 5-OH of one fragment and the
2',3'-cP of another. Due to the fact that transesterification
is almost a net zero energy reaction, the additional reaction
step may not be as large a drawback as it seems in com-
parison to the two-step self-splicing reaction supported by
the group I intron. The high yields obtained in our hairpin
ribozyme mediated recombination systems, where number
and types of reaction steps are similar, supports this view

(11).

MATERIALS AND METHODS
RNA synthesis

RNAs were generated by either phosphoramidite solid-
phase synthesis or in vitro transcription. The phos-
phoramidite solid-phase synthesis was performed on a
Gene Assembler Special DNA /RNA Synthesizer. Standard
phosphoramidites and CPG supports were obtained from
Link Technologies or ChemGenes. Amino linker phos-
phoramidites were used for the labelling reaction with
ATTOG680. For 5-terminal labelling, we coupled 5'-TFA-
Amino Modifier C6-CE Phosphoramidite (Link Technolo-
gies Ltd.) to the 5-end, and for 3'-terminal labelling, we
used 3’-Amino-Modifier C7 CPG 1000 (Link Technologies
Ltd.) as starting material for oligonucleotide synthesis. Syn-
thesized RNAs were incubated with a 1:1 (v/v) solution of
32% ammonia and 8 M ethanolic methylamine at 65°C for
40 min to remove base and phosphate protecting groups
and to cleave the linkage to the solid-support. The released
RNAs were lyophilized, and the obtained pellets were dis-
solved in a mixture of 600 wl TEA-3HF and 200 nl DMF
to remove the 2'-O-TBDMS protecting groups. The mix-
ture was incubated at 55°C for 90 min and the reaction was
stopped by the addition of 200 w1 water. The solution con-
taining the deprotected oligonucleotide was transferred to
a falcon tube, RNA was precipitated with butanol for 1
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h or overnight and centrifuged at 6000 rpm for 30 min at
6°C. The RNA pellet was lyophilized and dissolved in gel
loading buffer. RNAs were purified via preparative denatur-
ing PAGE (10-15%). Bands containing the full-length RNA
were cut out, reduced to small pieces and eluted passively
in 0.3 M NaOAc (pH 5.4) over three steps. The solvent of
the collected elution fractions was evaporated by vacuum
centrifugation and the concentrated RNA was desalted via
ethanol precipitation. For sequences of chemically synthe-
sized RNAs see Supplementary Information (S7, Supple-
mentary Table S1).

RNAs synthesized by in vitro transcription were gen-
erated from template DNA (biomers.net GmbH), using 1
wM antisense sSDNA template and 1.5 pM T7 promo-
tor ssDNA (TAATACGACT CACTATAGGG) in HEPES
buffer (20 mM NaHEPES (pH 7.5), 30 mM MgCl,, 2 mM
spermidine, 40 mM DTT). For the transcription of hairpin
ribozyme strands 5SHPR-II and SHPR-V, hammerhead ri-
bozyme sequences were incorporated in the DNA templates
to cleave the starting sequence GGGAGA following the in
vitro transcription, as described by Morl et al. (17). The
transcription mixture was heated to 90°C for 2 min and
slowly cooled down to room temperature. 2 mM of NTP
mix, 0.5 mM of extra GTP, 0.03 U pyrophosphatase and
20 U of T7 RNA polymerase were added to the mixture,
followed by incubation at 37°C for 3-6 h. RNA was precip-
itated with 70% ethanol and purified via denaturing PAGE.
Product containing bands were eluted by electroelution (18)
and again precipitated in ethanol. For sequences of RNAs
see Supplementary Information (S7, Supplementary Table
S1).

ATTOG680 labelling

5 nmol of amino-modified RNA was dissolved in 50 pl of
a 50 mM HCOj; buffer (pH 8.2). 25 pg of the ATTO680-
NHS ester (ATTO-TEC GmbH) was dissolved in an equal
volume of DMF and was added to the RNA. The mixture
was incubated for 1 h at room temperature, before precip-
itation of the RNA with 70% ethanol and purification via
reversed phase HPLC (AKTA purifier; column: 250/4 nu-
cleodur C18; gradient: 5% to 30% acetonitrile in 0.1 M tri-
ethylammonium acetate buffer (pH 7.5) over 60 min; flow
rate: 0,5 ml/min).

Exon-exon ligation assay

Exon ligation was studied under varying conditions. RNA
fragments corresponding to the extended 5'-Exon (5EXqy)
and the truncated introns (5'IN[tr] and 3'IN[tr]) were incu-
bated at stoichiometric concentration (50 nM) in Tris/HCI
buffer (pH 7.5) in the presence of 10 or 50 mM MgCl,, at
40 or 50°C, to allow cleavage to occur and to generate the
2',3'-cyclic phosphate at the 3'-end of SEX in situ. After 120
min, a stoichiometric amount of the RNA fragments corre-
sponding to the 3’-Exon (3’EX) was added to the reaction
followed by denaturation at 90°C and slow cooling to 20,
30 or 40°C. The mixture was then incubated for another
120 min (Figure 2). All analyses were performed in tripli-
cate measurement.
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Splice reaction

Reaction conditions for the self-splicing hairpin ribozyme de-
signed by hand (SH-1). Hairpin ribozyme strands SHPR
and 3’'HPR (both 5'-labelled with ATTO680) were added to
50 mM Tris/HCI buffer (pH 7.5), 50 mM MgCl, and 8%
PEG4000 to give a final concentration of 50 nM of both
RNAs in a volume of 20 pl. The reaction mixture was de-
natured at 90°C for 2 min and slowly (0.3°C/s) cooled down
to 40°C. The mixture was incubated for 120 min, again de-
natured for 2 min at 90°C and further incubated for 120 min
at40°C. At the end of the reaction, an aliquot was taken and
added to stop-mix solution (7 M urea, S0 mM EDTA).

Reaction conditions for the self-splicing hairpin ribozyme
obtained by computer-aided design (SH-I1I). Hairpin ri-
bozyme strands SHPR-IT and 3’HPR-II (3'-labelled with
ATTO680) were added to 50 nM Tris/HCI buffer (pH 7.5),
50 mM MgCl, and 8% PEG4000 to give a final concentra-
tion of 50 nM of both RNAS in a volume of 20 pl. The re-
action mixture was denatured at 90°C for 2 min and slowly
(0.3°C/s) cooled down to 40°C. The mixture was incubated
for 120 min, again denatured for 2 min at 90°C and further
incubated for 120 min at 10°C. At the end of the reaction
an aliquot was taken and added to stop-mix solution (7 M
urea, 50 mM EDTA).
All analyses were performed in triplicate measurement.

Analysis of cleavage/ligation/splicing

The ATTO680-labelled RNAs collected in the aliquots were
analysed on a 12% denaturing PAGE on a LI-COR4300
DNA sequencer via fluorescence detection (700 nm chan-
nel). Signal intensities were determined with the software
Image Studio Lite by LI-COR Bioscience. The portion of
the non-cleaved, cleaved and/or ligated RNA species were
calculated by the signal intensity of the band in relation to
the sum of the signal intensity of every band in the respective
lane. Cleavage yields are treated as the sum of the intensities
of cleaved and ligated bands, as cleavage is a precondition
for ligation.

Isolation of the splice product

For the isolation of ligated exons as the final splice prod-
uct (SEX-3’EX) we conducted a preparative reaction with
2 nmol of each hairpin ribozyme strand 3'HPR and YHPR
(not ATTO680 labelled) solved in 50 mM Tris/HCI (pH
7.5), 50 mM MgCl, and 8% PEG4000 in an end volume of
115 pl. As self-degradation is common at high RNA con-
centration and denaturation temperatures, the RNA was
mixed with water and Tris-buffer in the absence of MgCl,.
The mixture was then heated to 90°C for 2 min and cooled
down to 40°C at a cooling rate of 0.2°C/s, followed by incu-
bation for 15 min. MgCl, and PEG were added to the mix-
ture and the reaction was allowed to proceed for 240 min at
40°C (SH-I), or for 120 min at 40°C and another 120 min
at 10°C (SH-II). RNA was isolated from both reaction mix-
tures by ethanol precipitation, followed by purification via
denaturing PAGE. The band at the same height as the 25
nt reference RNA was cut out, chopped into small pieces
and passively eluted in three washing steps. The RNA in

the collected washing solutions was again precipitated with
ethanol and used for Sequence analysis.

Preparation for sequence analysis

For Sanger sequencing, the isolated ligated exons (5EX-
3EX) were reverse transcribed into cDNA, using an ex-
tended RT primer (extended primer I reverse transcription
(EPIR) for SH-I and extended primer II reverse transcrip-
tion (EPIIR) for SH-II, Supplementary Table S1 in SI) to
add a binding region for the sequencing primer at the 3'-end.
10 pmol of YEX-3'EX was mixed together with 11 pmol of
RT primer in water, denatured at 65°C for 5 min and put
on ice for 2 min. Subsequently, 0.5 mM dNTP mix, 0.2 pl
RNase Inhibitor (Ribolock, Thermo Scientific), 1x Prime-
Script buffer and 1 pl PrimeScript RTase (Takara Bio Inc.)
was added to an end volume of 20 wl. The reaction was in-
cubated overnight at 42°C. The RTase was inactivated by
increasing the temperature to 70°C for 15 min. This was fol-
lowed by the addition of RNase H and further incubation
at 37°C for 1 h. An aliquot of the reaction was analysed via
denaturing PAGE (10%, SYBR-Gold stained; SI, Supple-
mentary Figure S6). An aliquot of 4 pl was taken from the
crude RT reaction and added to 11 pl of a mixture contain-
ing 1x Pfu buffer, 0.2 mM dNTP mix, 9 pmol RT primer,
9 pmol forward primer (extended primer I forward (EPIF)
for SH-I and extended primer II forward (EPIIF) for SH-II,
Supplementary Table S1 in SI) and 2 U PfuPlus! polymerase
(roboklon). For DNA extension and amplification, the fol-
lowing PCR cycle was used: 60 s, 94°C — 30x [30 s, 94°C
— 355, 68°C — 108, 72°C] — 60 s, 72°C — hold at 4°C.
An aliquot of the PCR reaction was analysed by denaturing
PAGE (10%, SYBR-Gold stained; SI, Supplementary Fig-
ure S6). The generated dsDNA strands were mixed with SE-
Qplus sequencing primer (M 13 forward and reversed) from
Generi Biotech, necessary for the sequencing of short DNA
strands, and were sent to Eurofins for Sanger sequencing.

RESULTS AND DISCUSSION
Rational design of a self-splicing hairpin ribozyme

Our concept for rational design of a self-splicing ribozyme
includes a hairpin ribozyme that is flanked by two exons at
its 5'- and 3’-terminus (Figure 1). The intron-exon junctions
are the sites for hairpin ribozyme mediated cleavage. To sup-
port a splice reaction, the hairpin ribozyme construct must
be able to fold into two alternative conformations, both ad-
dressing one of the two possible cleavage sites. After first
cleavage took place in either conformation, generating a 5'-
OH and 2',3'-cP, dissociation of the cleaved RNA fragment
and refolding of the hairpin ribozyme into the alternative
conformation allows the second cleavage reaction to occur,
also generating a 5'-OH and 2/,3’-cP. Both, the 5'-exon (car-
rying the 2/,3’-cP) and the 3’-exon (carrying the 5-OH) then
hybridise at the hairpin ribozyme binding site and are lig-
ated by the intron. Since the excised intron also contains a
5’-OH and a 2/,3'-cP at its termini, it competes with exon lig-
ation, to form a circular intron by self-ligation (Figure 1).
To favour exon-exon ligation and to repress circularization,
we designed the binding strength of individual sequences in
a way that intermolecular binding of exons is favoured over
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ribozyme core structure is flanked at both termini by a 5'- and 3’-exon. The exon-intron boundaries correspond to the hairpin ribozyme cleavage sites. The
two cleavage sites are flanked by a weak (in the intron, orange and blue striped lines) and strong binding site (in the exon, orange and blue filled lines),
respectively. Light grey areas indicate regions variable in length and sequence. The first cleavage reaction generates a 5'-OH and a 2’,3'-cyclic phosphate
terminus, and is followed by refolding of the ribozyme into the alternative conformation, which initiates the second cleavage reaction. For formation of the
splice product, both the 5'- and 3’-exon bind to the hairpin ribozyme structure and are ligated. Cyclization of the intron is a competing side reaction.
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Figure 2. Sequence and secondary structures of the two alternative conformations of the rationally designed self-splicing hairpin ribozyme (SH-I). The
arrow marks the cleavage/ligation site. Blue region: 5'-exon. Orange region: 3'-exon. Striped region: alternative binding sites containing competing intron
regions (weaker hybridisation). Red nucleotides: highly conserved nucleotides in the hairpin ribozyme.

intramolecular binding of intron termini (filled and dashed
lines in Figure 1). This also supports the desired prefer-
ence of the hairpin ribozyme for cleavage or ligation, which
is dependent on substrate binding strength (19). Thus, for
weakly binding RNA substrates cleavage is favoured, while
strongly binding RNA fragments are preferentially ligated.

It should be noted that the terms exon and intron are
without functional meaning in this concept study, and are
just used to address the different sequence parts of the hair-
pin ribozyme structures in the self-splicing reaction. Both
intron and exons may be extended and/or varied in length
and sequence in other designs or in a model RNA organism.

First, RNAs needed to be prepared, taking care that pre-
mature splicing is prevented. Due to the length of the de-
sired sequences, synthesis of the full-length RNAs by solid

phase phosphoramidite chemistry was a less suitable op-
tion. In vitro transcription appeared to be the better choice,
however, required the presence of magnesium ions. This
would lead to start of the splicing process already during
transcription. In order to control the start of the splicing
reaction, we refined our sequence design and divided the
ribozyme into two RNA strands by removing the hairpin
loop closing helix 4. This way, we obtained a controllable
system, composed of two RNA strands, which only form an
active complex, if both strands, ‘SHPR’ containing the 5'-
exon and ‘3’'HPR’ containing the 3’-exon, are present (Fig-
ure 2).

The hairpin ribozyme is a superior candidate for ratio-
nal design, because it has only a few highly conserved nu-
cleotides in its sequence (highlighted in red in Figure 2) (20).
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This allowed us to integrate into the design almost any se-
quence as long as the secondary structure with two loops
and four helices is preserved. We chose the wild type se-
quence AeGUC (the dot marks the cleavage/ligation site)
within loop A as boundary between 5-exon and intron
(Figure 2, conformation on the left) as well as between in-
tron and 3’-exon (Figure 2, conformation on the right). He-
lix 1 and 2 next to loop A are formed by binding of the
intron/exon parts to be processed, and have the same se-
quence in both alternative conformations. We integrated an-
other helix (H5) as an extended binding site. Thus, in ad-
dition to formation of helix 2 in both conformations, the
exons hybridise with the ribozyme to form a 9 bp helix 5
(between ribozyme and 5'-exon, Figure 2 on the left) or a 9
bp helix 1 (between ribozyme and 3’-exon, Figure 2 on the
right) in either conformation, while helix 1 in the left struc-
ture and helix 5 in the right structure, both resulting from
intramolecular folding of the intron have only 4 bp (Figure
2). This setup should favour re-hybridisation of the cut off
exons and thus exon-exon ligation over ligation of the intron
segments.

Every step in the design process was verified by secondary
structure prediction with RNAstructure from the Mathews
lab (21).

Studying conditions for best exon-exon ligation

For experimental validation, we chose a stepwise proce-
dure. First, we investigated the exon-exon ligation reac-
tion in a separate experiment. For this purpose, we sepa-
rately synthesised the exon and intron fragments. The exons
(5EX and 3'EX) were generated by phosphoramidite solid-
phase synthesis, and the intron segments (5'IN and 3'IN)
by in vitro transcription. The 5'-exon was labelled at the 5'-
terminus with ATTO680 to follow ligation via PAGE on a
LI-COR 4300. To obtain the 2’,3'-cP required for the liga-
tion reaction, the 5-exon was extended at the 3’-end by a
7 nt long overhang (5EXqy) to enable a cleavage reaction
by the hairpin ribozyme (assembled from 5'IN + 3'IN), and
thus to generate the 2’,3'-cP in situ (Figure 3A, top). To look
solely at exon binding and ligation, the intron fragments
5'IN and 3’'IN, which assemble to form the active hairpin ri-
bozyme, were truncated in order to prevent competition of
intron parts with the exons for binding and ligation. In the
following, these truncated introns are named 5'INJtr] and
3'IN[tr] (Figure 3A).

Overall, higher Mg?* concentrations in combination with
lower reaction temperatures appear to favour the cleavage
as well as the ligation reaction (Figure 3B). While with 10
mM MgCl, an increase in temperature leads to stronger
cleavage, with 50 mM MgCl, a higher temperature is not
necessary to achieve high cleavage rates in the first phase
of the reaction (1-120 min). The highest exon-exon ligation
yield (37%) was achieved at 50 mM MgCl, and 40°C over
the entire 240 min reaction time. Interestingly, we observed
a side reaction that occurs during the first 120 min of the re-
action. Apparently, the 5'-exon carrying a 3’-terminal 2/,3'-
cyclic phosphate (5S'EXcp) resulting from cleavage of the ex-
tended 5'-exon (5'EXqy), reacts with the truncated 5'-intron
segment (5'IN[tr]) to form a RNA of 53 nt in length (Fig-

ure 3A and C). Assuming ligation takes place as shown in
Figure 3A, the ligation site would be AeGAC, which has
been reported to be a poor cleavage site (22), but obviously
has unexplored ligation qualities. In this construct, helix 1
consists of a single base pair and the whole structure would
be stable only at low temperature or higher magnesium ion
concentrations. With the addition of the 3’-exon (3’EX) to
the reaction mix after the first 120 min, the side product
disappears again, which is most likely a consequence of its
re-cleavage, followed by competitive binding and ligation of
the 3’-exon. Therefore, the observed formation of the side
product can be neglected for exon-exon ligation. More effi-
cient cleavage and ligation was achieved by the addition of
the 3’-exon at the start of the reaction (50% exon-exon lig-
ation). In this case, formation of the side product was com-
pletely abolished (Figures 4A and 5B).

Assembly study with RNAs differing in length

With the very encouraging results of exon-exon ligation at
hand, we increased the length of our RNA species step-
wise by integrating the non-truncated introns (5'IN and
3'IN) and finally the full-length hairpin ribozyme fragments
(5HPR and 3yHPR). Various combinations of those RNA
species were tested for cleavage and ligation activities (Fig-
ures 4 and 5), culminating in the full-length self-splicing ri-
bozyme formed by the hybridisation of YHPR and 3’'HPR
(Figure 4G). Progress of reaction was followed by using 5'-
labelled versions of either the extended 5'-exon (5EXqy)
or ribozyme strand SHPR (coloured blue in Figures 4 and
5). To determine if the position of the dye affects the re-
action, the assays were repeated with 3'-labelled 3’-exon as
control (coloured orange in Figures 4 and 5). Furthermore,
S'-labelled ribozyme strand 3’'HPR was used to observe the
competing intron-intron ligation in reaction schemes F and
G (Figure 4F and G).

Exon-exon ligation yield decreases from 50% to 22% (in
Figure 5A and B, lanes/columns A and B) when the non-
truncated 5'-intron segment (5'IN) is used instead of the
truncated version of the 5'-intron (5'IN][tr]), due to the com-
petition of the extended 5-end of 5'IN with the extended
5-exon (5'EXov) for binding (Figure 4B). The reduction of
the yield can be assigned to a side reaction, which is the liga-
tion of the 5'-intron with cleaved 5EXqy to form ribozyme
strand SHPR (37% yield, lane B in Figure 5A and B). The
generation of SHPR is probably favoured by the lower en-
tropy cost for ligation in this three-stranded system as com-
pared to the complex consisting of four RNAs needed for
exon-exon ligation, although this would be the more sta-
ble structure with regard to binding enthalpies. When the
truncated 3'-intron segment (3'IN][tr]) is substituted with
the full-length 3'-intron (3'IN) (Figure 4C), no side prod-
uct (in this case ribozyme strand 3’HPR) can be formed
due to the fact that the synthesised 3’-intron (3'IN) lacks
the 2',3'-cyclic phosphate required for ligation with the 3'-
exon (3’EX) (Figure 5A and B, lane/column C). However,
one can estimate the effect of binding competition, which
results in decrease of ligation yield from 50% to 38% (Fig-
ure 5A and B, lanes/columns A and C). With both non-
truncated introns present (Figure 4D), both effects seen for
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SI).

the schemes depicted in Figure 4B and C combine to cause
a reduction of ligation yield to only 16% (Figure 5A and B,
lane/column D).

We then introduced the full-length RNA species into
the system, combining one full-length hairpin ribozyme
strand (SHPR or 3’'HPR) with the fragmented counter-
part (SEX + 5IN or 3EX + 3'IN) (Figure 4E and F).
Ribozyme strand SHPR is cleaved to only 36% (Figure
SA and B, lane/column E), corresponding to the observed
high yield for the reverse reaction being ligation of the
S-exon (5EXcp) with the 5'-intron segment (5'IN) to ri-
bozyme strand 5SHPR, as observed in the reaction scheme
before (Figures 4B and 5A and B, lanes/columns B). Thus,
for SYHPR as initial substrate, equilibrium is shifted to-
wards ligation. Cleavage of ribozyme strand 3’HPR pro-
ceeds more efficiently (68%), while cleavage of the extended
5-exon (YEXoy) is less efficient (41%, Figure 5A and B,
lane/column F) compared to the scenario shown in Fig-
ure 4D, where the 3’-exon (3'EX) and the 3'-intron segment
(3'IN) are present instead of 3’HPR (65%, Figure 5A and B,
lane/column D). This drop in 5’EXoy cleavage is very likely
caused by the formation of the side product resulting from
ligation of intron termini to the 86mer product 5'IN-3'IN
as shown in Figures 4F and 5A (lane F), which suppresses
exon hybridisation and ligation. As discussed above, in com-
petition to exon binding, hybridisation of the intron ends to
the exon binding site is enthalpically disfavoured, but has a
lower entropic cost. Therefore, as an intrinsic property of
the system, intron end ligation is always competing with
exon-exon ligation and cannot be suppressed completely.

Self-splicing hairpin ribozyme

In the full-length system (Figure 4G), a slight increase of
S'"HPR cleavage and a decrease of intron end ligation (Fig-
ure SA and B, lane/column G) is observed. Comparing sce-
narios depicted in Figure 4 E-G, the yield of ligated exons
remains stable at approximately 8% (Figure 5B, columns E—
G). Using higher temperatures (50 and 60°C) for the first
120 min of reaction, SYHPR cleavage increased somewhat

(SI, Supplementary Figure S2), but the generated 2',3'-cP is
less stable at those conditions. This is mirrored in decreased
yields for both, exon ligation (to EX-3’EX) and intron lig-
ation (5'IN-3'IN). In addition, we tested 8% PEG4000 as a
molecular crowding agent (23) with the purpose of improv-
ing hybridisation and structural stability, and consequently
ligation. However, PEG was found to have only a small ef-
fect, although the yield of exon ligation increased from 8%
to 11% at 40°C (SI, Supplementary Figure S2). The effect
of PEG is generally stronger at higher temperatures due
to counteraction of the higher fragment dissociation rates,
which is particularly visible in the splicing assay with frag-
mented RNA species (SI, Supplementary Figure S2).

Prove of correct exon—exon ligation by sequencing

To verify the result of the self-splicing reaction, we decided
to isolate the product RNA from a preparative reaction and
to confirm the identity of the splice product by sequencing.
Thus, a preparative splice reaction was conducted with 2
nmol of each ribozyme strand SYHPR and 3'HPR. Reac-
tion products were separated via denaturing PAGE and the
band at the height of a 25 nt reference RNA, assigned to
the ligated exons 5'EX-3'EX was isolated and eluted from
the gel (SI, Supplementary Figure S6). The isolated RNA
was reverse transcribed utilizing an extended RT primer
that carries the complementary sequence of 3’-EX (no over-
lap with 5EX) and on its 5’end the sequence of the M13
reversed sequencing primer (M13R, Figure 5C). The gen-
erated cDNA was transferred to a PCR reaction with an-
other extended primer carrying the sequence of SEX (no
overlap with 3’EX), and on the 5-end the sequence of the
M13 forward sequencing primer (M13F). Thus, if splicing
occurred as predicted, the generated dsSDNA would con-
sist of the SYEX-3'EX sequence flanked by the two M13
primers (Figure 5C). For the analysis of such a short DNA
by Sanger sequencing, we used SEQplus modified M13 for-
ward and reverse primer, which facilitate the defined de-
tection of the first base straight away. Both the forward
and reverse sequencing resulted in sequences correspond-
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ing to the expected 5'EX-3'EX construct (Figure 5C). Al-
though the primers used for cDNA synthesis and PCR
contain the sequences of the 5 and 3’ exon, the achieved
cDNA synthesis and amplification together with the result
of the sequence analysis confirm the successful self-splicing
and exon-exon ligation of the designed HPR system in the
expected manner. Taken together, self-splicing of the de-
signed hairpin ribozyme variant has been unambiguously
demonstrated.

Computer-aided approach for rational design of an alterna-
tive self-splicing hairpin ribozyme

Further improvement of ligation yield by redesign of the se-
quence and screening of reaction conditions may be pos-
sible. To this end, we decided to not continue with design
by hand, but to verify our approach by using a computer-
aided algorithm for the prediction of self-splicing hairpin
ribozyme sequences. NUPACK Design (24,25) is a web soft-
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allow for analysis of the rather short DNA by Sanger sequencing.

ware application that, among other things, enables the com-
putation of oligonucleotide sequences that are forced to fold
into more than one defined secondary structure. We cre-
ated a short script to compute a series of RNA sequences
that match our defined rules for a self-splicing hairpin ri-
bozyme (SI, S4, Supplementary Figure S4). We introduced
the nomenclature SH-x (Self-splicing Hairpin ribozymes,
x = number of individual variant). The hairpin ribozyme
variant designed by hand and discussed above was included
into the nomenclature and given the name SH-I. Accord-
ingly, the five computed variants were named SH-II to SH-
VI (SI, S5, Supplementary Figure S5). Two of the computed
hairpin ribozyme structures were synthesised and experi-
mentally tested, one of the two (SH-II) is exemplary pre-
sented here, the other one (SH-V) turned out being inca-
pable of self-splicing (SI, S5, Supplementary Figure S5).
The selection of SH-II and SH-V out of the five computed
variants resulted from a short survey of the suggested sec-
ondary structures, focussing on the relation of properly
folded structures for exon-exon ligation to predicted falsely-
folded structures.

The novel self-splicing hairpin ribozyme SH-II (Figure
6A) has only 28% sequence similarity to the system de-

signed by hand described above (SH-I). To challenge the
algorithm, we reduced the length of helix 1, 4 and 5 by one
base pair each. As for the splice assay discussed above, we
used truncated introns (5'/3'IN-II[tr]) to evaluate the per-
formance of the system in first experiments. The 5-exon
again was extended to carry a sequence overhang (5EX-
IIpy) to allow cleavage and generation of the 3’-terminal
cP in situ. We tested different temperatures for cleavage of
S'EX-I1p, in the absence of the 3’-exon (3'EX-II). At 40°C,
we observed the highest cleavage yield (70% Figure 6B). In-
terestingly, with 10°C, the optimal temperature for exon-
exon ligation in SH-IT is much lower than expected (SI, Sup-
plementary Figure S3), in comparison to SH-I. The lower
G-C content at the exon binding sites likely cause weaker
binding of exons for ligation, requiring compensation with
lower reaction temperatures. The highest ligation yields for
SEX-II-3'EX-II were 20% in the absence of and 24% in the
presence of PEG4000 (Figure 6B), which is only half of the
activity of the SH-I system. Interestingly, this difference is
neglected in the full-length system of SH-II, where exon-
exon ligation proceeds with the same efficiency (8% with-
out and 11% with PEG, Figure 6B) as observed with SH-I
(Figure 5B, column C).
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To again prove the correct sequence of the splice product
S'EX-1I-3’EX-II, we repeated the procedure for sequence
analysis that was used for SH-I (Figure 5C), but this time
with extension primers that were specific for the new splice
product. Here, as well, both sequencing directions yielded
in the correct sequences (Figure 6C), thus confirming suc-
cessful self-splicing of SH-II.

CONCLUSION

In this study, we have presented two hairpin ribozyme vari-
ants capable of self-splicing, engineered using different de-
sign approaches. The designed hairpin ribozyme structures
cut themselves out of an RNA molecule and support lig-
ation of the resulting truncated terminal fragments. This
shows that splice-like reactions can be supported by small
RNAs with cleavage and ligation activity. Such splice-like
reactions may have played a role in the early RNA world
prior to evolution of more elaborate RNA scaffolds, as they
would produce new phenotypes by restructuring segments
of a given gene.

The self-cleaving hairpin ribozyme SH-I, which was de-
signed by hand, shows exon—exon ligation yields of up to
51% in its core design with the exon fragments and trun-
cated introns. With extension of the introns up to the full-
length RNAs, exon exon ligation strongly competes with re-
verse reaction to the educts and intron ligation. The fully
assembled hairpin ribozyme accomplishes the entire self-
splicing reaction with yields up to 11% in the presence of 8%
PEG4000. For design of SH-II as an alternative self-splicing
hairpin ribozyme, a computer-aided approach based on the
NUPACK software package, was used. We predefined the
same basic ruleset as for SH-I, but challenged the algo-
rithm by reducing the base pairs in the substrate binding
regions. This system showed in its full-length variant exon-
exon ligation yields up to 11%, similar to SH-I. The ob-
tained yields for ligated exons may not be particularly high,
however, with regard to the RNA world may be sufficient
to demonstrate RNA processing dynamics and to allow se-

quence variability to occur. The two successful operating
systems demonstrate the multiplicity that the variable se-
quence of the hairpin ribozyme provides for rational design.
Two hairpin ribozyme variants of highly different sequence,
predicted by hand (SH-I) or by computer-aided design (SH-
II), catalyse the same cascade of cleavage and ligation reac-
tions with similar results.

Apart from the implications for RNA processing in early
life, (self-)splicing mediated by a small ribozyme structure
may have potential for biotechnological application, i.e. for
detection of a specific RNA sequence required to comple-
ment the splicing competent structure, or for intracellular
generation of a circular RNA (the spliced out intron). For
the latter, cells might be transfected with a plasmid encoding
the self-splicing RNA, which upon transcription would per-
form self-splicing and intron circularization, as discussed
previously (26-28).

In general, the work presented here, demonstrates once
more that the hairpin ribozyme with its intrinsic cleavage-
ligation characteristics is ideally suited for the design of
RNA catalysts supporting important RNA processing re-
actions. Thus, the self-splicing hairpin ribozyme variants
shown herein add nicely to previously introduced hairpin
ribozymes mediating RNA repair, recombination, circular-
ization and oligomerization (12,29).
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