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ABSTRACT

In vitro selections are the only known methods to
generate catalytic RNAs (ribozymes) that do not exist
in nature. Such new ribozymes are used as biochem-
ical tools, or to address questions on early stages of
life. In both cases, it is helpful to identify the shortest
possible ribozymes since they are easier to deploy
as a tool, and because they are more likely to have
emerged in a prebiotic environment. One of our previ-
ous selection experiments led to a library containing
hundreds of different ribozyme clusters that catalyze
the triphosphorylation of their 5′-terminus. This se-
lection showed that RNA systems can use the prebi-
otically plausible molecule cyclic trimetaphosphate
as an energy source. From this selected ribozyme
library, the shortest ribozyme that was previously
identified had a length of 67 nucleotides. Here we
describe a combinatorial method to identify short ri-
bozymes from libraries containing many ribozymes.
Using this protocol on the library of triphosphory-
lation ribozymes, we identified a 17-nucleotide se-
quence motif embedded in a 44-nucleotide pseu-
doknot structure. The described combinatorial ap-
proach can be used to analyze libraries obtained by
different in vitro selection experiments.

INTRODUCTION

In vitro selections were originally established to identify
RNAs that bind to specific target molecules (1,2), and devel-
oped further to identify catalytic RNAs (ribozymes) from
large, combinatorial libraries (3). In vitro selections for cat-
alytic RNAs have usually employed libraries with 1012 to
1015 different sequences, in which a portion of the library
between 40 and 228 nucleotides in length is randomized (3–
30). To select for active sequences, the libraries of random-
ized RNA sequences are usually covalently coupled to one
of the reaction partners of the desired reaction, while the
second reaction partner is coupled to a functional group
that serves as a handle. When incubating the modified li-

brary with the functionalized substrate, catalytically active
sequences can covalently link themselves to the handle. The
handle is then used to isolate the active sequences. Because
the enrichment for active sequences in a single experiment is
limited, multiple cycles of incubation with substrate, isola-
tion of active molecules, reverse transcription, PCR ampli-
fication, and transcription are necessary to obtain libraries
that are dominated by active sequences. The resulting, active
library is then analyzed for individual, active sequences.

After active sequences have been enriched by selection
steps, it is often desirable to identify ribozymes with specific
properties. To enrich for the most active sequences, usually
selection cycles with higher selection stringency are added
(e.g. (3,12,13)). To identify ribozyme variants that use dif-
ferent metal ion cofactors, further rounds of in vitro selec-
tion or in vitro evolution can be employed in the presence
of different metal cations, or metal cation concentrations
(31). To generate, and identify smaller variants of individual
ribozymes a combinatorial method is available that can re-
move unnecessary fragments from the ribozyme (32). How-
ever, we are not aware of a method to identify the smallest
ribozymes from complex libraries with many ribozymes.

The desire to identify short ribozymes is partially mo-
tivated by attempts to explore how an RNA world could
have emerged as an early stage in the origin of life. Short ri-
bozymes are especially helpful because they are more likely
to emerge from a prebiotic setting for two reasons: First,
short RNA polymers are more abundant than long RNA
polymers in model prebiotic reactions (33). Second, short
ribozymes require less information content, and are there-
fore found more frequently in a given set of randomized se-
quences. Previously selected ribozymes for prebiotically rel-
evant reactions typically have sizes around 70 nucleotides
or larger (e.g. (11,13,20,30,34,35), but see (36)). In con-
trast, model reactions for prebiotic RNA polymerization in
the absence of enzymes or sophisticated ribozymes gener-
ates little material above 40 nucleotides, even under optimal
conditions (33). Because RNAs with lengths of 30–40 nu-
cleotides are more prebiotically plausible, the involvement
of catalytic RNAs in early stages of life would be more con-
vincing if short ribozymes could be found to emerge from
random sequences.
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We previously performed an in vitro selection for ri-
bozymes that triphosphorylate their own 5′-hydroxyl group
with cyclic trimetaphosphate (Tmp) (30), a prebiotically
plausible energy source (37,38). This selection identified
>300 different ribozymes (39), each with a total length of
182 nucleotides. These results showed that catalytic RNA
systems are able to use Tmp as energy source. Here we de-
veloped a combinatorial method to identify the shortest ri-
bozyme sequences in complex libraries. We show how com-
binatorial truncation at the pool’s 3′-terminus, size fraction-
ation, and re-selection of each size fraction can identify the
shortest ribozymes in this complex library. The shortest ri-
bozyme had a truncated length of 44 nucleotides, and its
17-nucleotide conserved core was also identified in two ad-
ditional sequences of the same selected ribozyme library
by the re-analysis of high throughput sequencing data. The
method may be useful for the isolation of short ribozyme
motifs from other libraries containing hundreds of differ-
ent ribozymes.

MATERIALS AND METHODS

Generation of truncated pools with a randomized primer

The truncated sub-pools were generated from template
DNA using a randomized primer consisting of an N11 ran-
domized region and a new 3′ constant region (5′-TAAG
TCGTAGTTACATCANNNNNNNNNNN-3′). The tem-
plate DNA was a pool consisting of hundreds of active
triphosphorylating ribozymes flanked at the 5′ end by the
T7 promoter sequence, a hammerhead ribozyme sequence,
and a 5′ constant region and at the 3′ end by a 3′ constant
region. The annealing and extension conditions were cho-
sen to obtain a broad size distribution of the desired exten-
sion products. A mixture containing 30 pmol of template
DNA, 5 pmol randomized primer in a volume of 0.2 ml, and
a trace amount of radiolabeled randomized primer were
denatured at 94◦C for 2 min then immediately placed on
ice. The Klenow fragment (New England Bioscience) was
used to extend this primer according to manufacturer’s in-
structions. The mixture was allowed to incubate overnight
at room temperature. Formamide loading buffer contain-
ing 30 mM sodium/EDTA was added to the reaction mix-
ture to quench the reaction. The mixture was heat dena-
tured at 80◦C for 2 min then separated on a denaturing
15% polyacrylamide gel. A 246 nt and 96 nt marker were
used to define the region of interest. This region of interest
was divided into 10 fragments and each fragment was ex-
cised. Each gel slice was eluted and ethanol precipitated.
The resulting DNA sub-pools were PCR amplified using
Taq DNA polymerase and transcribed using T7 RNA poly-
merase. The RNA sub-pools were gel purified, ethanol pre-
cipitated, and resuspended in water.

In vitro selection

One round of selection was performed on each purified
RNA sub-pool according to previously published methods
(30). 100 nM of purified RNA sub-pool was incubated with
50 mM Tris/HCl, 3.3 mM NaOH, 100 mM MgCl2 and 50
mM of freshly dissolved trimetaphosphate. This mixture
was allowed to incubate for 3 h at room temperature.

The reaction was quenched by ethanol precipitation.
The RNA pellet was washed with chilled water and
desalted using P30 Tris/HCl spin columns (Bio-Rad).
Active ribozymes were ligated to a biotinylated oligomer
(biotin-d(GAACTGAAGTGTATG)rU) using the R3C
ligase ribozyme whose arms were designed to anneal to the
5′ constant region of the pool RNA and the biotinylated
oligomer. A mixture containing 1.3 uM of desalted pool
RNA, 1 uM ligase ribozyme, 1.2 uM biotinylated oligomer,
100 mM KCl, 100 mM Tris/HCl, and 60 pM triphospho-
rylated RNA was heated to 65◦C for 2 min then cooled to
30◦C at a rate of 0.1◦C per second. The triphosphorylated
RNA was used to generate a small amount of ligation
product and thereby reduce the number of PCR cycles,
and prevent artefacts during PCR amplification. After heat
renaturation, an equal volume of a mix consisting of 40%
(w/v) PEG8000, 4 mM Spermidine, and 50 mM MgCl2
was added to the ligase reaction mixture. This mixture
was incubated at 30◦C for 3 h. After the incubation step,
the reaction was quenched by adding final concentrations
of 13.9 mM sodium/EDTA, 50 mM Tris/HCl, 50 mM
KCl, 0.012% (w/v) Triton X-100, and 1.19 uM of a 61 nt
oligomer that was complementary to the ligase ribozyme
(5′GAACTGAAGTGTATGCTTCAACCCATTCAA
ACTGTTCTTACGAACAATCGAGCAAGATGTT-3′).
This mixture was heated at 50◦C for 10 min. Streptavidin
magnetic beads (Promega) were washed thrice with 20
mM HEPES/KOH pH7.2, 0.01% (w/v) Triton X-100 and
50 mM KCl. Biotinylated RNA was then captured by
mixing the RNA with the magnetic beads and rotating
end-over-end at room temperature for at least 30 min. A
magnetic rack was used to focus the beads and the beads
were washed twice with a solution containing 0.01% (w/v)
Triton X-100 and 20 mM NaOH. Captured RNA was
eluted from the beads by incubating the beads in a solution
of 25 mM Tris/HCl pH 8.5, 1.56 mM EDTA and 96%
formamide at 65◦C for 3 min. The beads were removed
by immediate centrifugation, and the supernatant was
concentrated by ethanol precipitation. 1 ug of tRNA was
used as precipitation carrier. Captured RNA was resus-
pended in 10 mM Tris/HCl, pH 8.3. The RNA was reverse
transcribed using Superscript III (Invitrogen) and a reverse
transcription primer (5′-TAAGTCGTAGTTACATCA-3′)
complementary to the new 3′ constant region, which
was implemented after the Klenow extension using the
randomized primer. The products were then PCR amplified
with 5′ and 3′ primers that could bind to the sequence of the
biotinylated oligomer and the 3′ constant region of the pool
respectively. A second PCR amplification was performed
to add the T7 promoter sequence and the hammerhead
ribozyme sequence to the DNA.

Triphosphorylation assays

Purified ribozyme (5 uM) was incubated with 50 mM
Tris/HCl, 100 mM MgCl2, and 50 mM of freshly dissolved
trimetaphosphate. This mixture was incubated for 3 h at
room temperature. The products were ligated to a radiola-
beled oligomer (� 32P-d(GAACTGAAGTGTATG)rU) us-
ing an R3C ligase ribozyme whose arms were designed to
anneal to the 5′ constant region of the pool RNA and the
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oligomer. To do this, the above reaction mixture was diluted
1:10 in a solution that contained a final concentration of 0.5
uM ligase ribozyme, 0.5 uM biotinylated oligomer, 100 mM
KCl, 100 mM Tris/HCl, and 15 mM sodium EDTA. This
mixture was heat renatured at 65◦C for 2 min then cooled
to 30◦C at a rate of 0.1◦C per second. After heat renatura-
tion, an equal volume of a mix consisting of 40% PEG8000
(w/v), 4 mM Spermidine, and 50 mM MgCl2 was added
to the ligase reaction mixture. This mixture was incubated
at 30◦C for 3 h. After the incubation step, the reaction was
quenched by ethanol precipitation. The reaction products
were resolved on a denaturing 10% polyacrylamide dena-
turing gel.

Generation of 3′ truncations

3′ truncations were generated by PCR using Taq DNA poly-
merase and a series of 3′ primers. The 3′ primers annealed
to different portions of the ribozyme sequence of interest to
generate a series of truncations with desired deletions from
the 3′ end. DNA templates of each truncation were tran-
scribed using T7 RNA polymerase, and purified by dena-
turing PAGE.

Secondary structure analysis using SHAPE

Selective 2′Hydroxyl Acylation Analyzed by Primer Exten-
sion (SHAPE) was performed on the 44-nucleotide long
ribozyme isolated in this study, with 1-Methyl-7-nitro-
2H-3,1-benzoxazine-2,4(1H)-dione (1M7) as the chemical
probe (40). An adaptor region was added to the 3′ end of
the ribozyme by PCR amplification. The sequence of this
primer is (5′-GTGTGCTAGGATCACAATGATGTCTC
TTTAATAAGA-3′) where the underlined portion is the
adaptor region. 20 pmol of ribozyme were heat renatured
in 10 ul at 80◦C for 2 min, cooled to 50◦C for 5 min
then left at room temperature for 5 min. To this solution,
HEPES/NaOH pH 8.0 and MgCl2 were added to a fi-
nal concentration of 50 mM each. This mixture was incu-
bated at room temperature for 2 min. A 20 mM stock so-
lution of 1M7 was prepared in DMSO. 1M7 was added
to this solution such that its final concentration was 2
mM and the concentration of DMSO was 10% of the so-
lution. A negative control was prepared with ribozyme,
HEPES, MgCl2 and 10% final DMSO. Both samples were
incubated at room temperature for 3 min. The reaction
was quenched by ethanol precipitation and resuspended in
10 ul of 5 mM Tris/HCl pH 8.0. The products were re-
verse transcribed using Superscript III reverse transcriptase
(Invitrogen) according to manufacturer’s instructions and
trace amounts of a radiolabeled primer that annealed to
the aforementioned adaptor region. The sequence of this
primer is (5′- GTGTGCTAGGATCACAAT-3′). The RNA
template in each sample was degraded by alkaline hydroly-
sis, by incubating for 5 min at 80◦C in a solution contain-
ing 750 mM NaOH. The reaction was quenched by adding
a two-fold stoichiometric excess of acetic acid to generate
a NaOAc/HOAc buffer with a final concentration of 300
mM. The products were ethanol precipitated, resuspended
in formamide loading buffer and resolved on a denatur-
ing 20% polyacrylamide gel. Signals were quantified using

the ‘rectangles’ function in the software Quantity One (Bio-
Rad) and background rectangles were subtracted.

To predict the secondary structure based on these
SHAPE data the software vsFold5 was chosen because it is
able to predict pseudoknots, and because it outperformed
four other algorithms in predicting a secondary structure
consistent with the SHAPE probing data. Specifically, it-
erative HFold (41) was unable to predict the pseudoknot,
IPKnot (42) predicted a pseudoknotted structure lacking a
part of the P2 helix and had an additional 2-base pair he-
lix that were inconsistent with the SHAPE data, HotKnots
(43) and CCJ (44) introduced two different 2-base pair he-
lices that were not supported by the SHAPE data. None
of the five algorithms predicted a structure that showed
an extension of the P2 duplex between bases C16/C17
and G37/A38, which would have been consistent with the
SHAPE data (Figure 5).

RESULTS

To identify the shortest ribozymes from our previously
selected library of self-triphosphorylating ribozymes (30)
with > 300 different ribozyme clusters (39), we followed
a five-step procedure (figures 1 - 3). In the first step, 3′-
truncated variants of the DNA pool were generated with
the help of partially randomized primers and Klenow en-
zyme (Figure 1A). To do this, the DNA pool was annealed
to a DNA primer that contained 11 nt of a randomized se-
quence at its 3′-terminus (red in Figure 1A). This random-
ized sequence allowed the primer’s 3′-terminus to anneal at
any position of the templating DNA library molecules. The
primer was then extended by a Klenow Fragment enzyme
that lacked exonuclease activity. A portion of the DNA
primer was radiolabeled at its 5′-terminus to allow the de-
tection of extension products of this primer.

In the second step, the primer extension products were
separated into size fractions, using denaturing polyacry-
lamide gel electrophoresis (PAGE) (Figure 1B). Two radi-
olabeled markers indicated the sizes of long Klenow ex-
tension products that included the full 150-nucleotide long
random region (total length 246 nt), and short Klenow ex-
tension products that omitted any portion of the random-
ized region (total length 96 nt). The extension products with
sizes between these markers were separated into ten evenly
sized segments, and the DNA was eluted from each seg-
ment (red brackets in Figure 1B). As a negative control, a
reaction that omitted any DNA pool was performed (Fig-
ure 1B, lane labeled ‘Rxn-T’). Extension products <96 nt
in length were detected but little to no products with >96
nt in length. The short products can be explained by a sce-
nario where the randomized portions of two primers were
complementary to each other or the randomized portion of
one primer was complementary to the constant region of
another. This did not generate problems because the length
of the desired products was between 96 and 246 nt in length,
and the segments excised from the gel contained little or no
contamination from short, non-templated extension prod-
ucts.

In the third step, the DNA molecules eluted from each of
the ten size fractions were amplified by PCR using primers
complementary to the T7 RNA polymerase promoter at the
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Figure 1. Workflow of generating ribozyme sub-pools with truncations at their 3′-end. (A) Schematic describing the extension of a primer with a random-
ized region (red) that can anneal anywhere on the template pool, and that introduces a new 3′-constant region (3′-CR*, blue). The annealed primers were
then extended by the Klenow fragment. Only extension products with a random pool region (green) of 0–150 nucleotides are shown. (B) Autoradiogram
of a denaturing 15% PAGE of Klenow extension products using 5′-radiolabeled primers. The first three lanes show markers that indicate the position of
the unextended primer (29 nt), an extension product corresponding to the full-length pool (246 nt), and an extension product corresponding to the pool
without randomized region (96 nt). The next two lanes show the reaction products of a small-scale reaction without template (Rxn-T) and with tem-
plate (Rxn+T). The broad lane on the right shows the separation of a large-scale extension reaction with template (200 ul). Note that many products are
shorter that the length of the full-length random region because the DNA library also contains a promoter for T7 RNA polymerase, a sequence encoding
a hammerhead ribozyme, and a 5′-constant region. The dashed line indicates the position where two parts of the same exposure were assembled. We are
unclear about the origin of the bands in the gel pockets; they may be an aggregation of template, hot primer, and Klenow fragment. The positions where
ten sub-pools were excised from the gel are indicated with red brackets. After elution, each sub-pool was processed separately using PCR with a 5′-primer
complementary to the T7 promoter, and a 3′-primer complementary to the new 3′-CR (blue in (A)). (C) Autoradiogram of 5′ end radiolabeled RNA
sub-pools after transcription of the ten sup-pools, and separation by 8% denaturing PAGE. Three size markers indicate the position of full-length pool
RNA (182 nt) and shorter fragments (86 nt and 21 nt).

5′-terminus (dark grey in Figure 1A), and the newly intro-
duced 3′-constant region at the 3′-terminus (blue in Figure
1A). This PCR generated ten sub-pools with distinct size
distributions. To test whether this procedure would give rise
to RNA sub-pools with distinct sizes, each of the ten DNA
sub-pools was transcribed, and a sample of the resulting
RNA sub-pool was 5′ end radiolabeled with � [32P]ATP. The
products were separated by PAGE (Figure 1C) and showed
the desired size distributions. All ten sub-pools showed an
expected overlap with the neighboring size fraction but no

significant overlap with other size fractions. Note that the
RNA sub-pools are significantly shorter than the DNA sub-
pools because the hammerhead ribozyme at the 5′-terminus
of all transcripts cleaves co-transcriptionally, generating a
5′-hydroxyl group (30).

In the fourth step, the shortest sub-pool with active
ribozymes was identified. To do this, all ten RNA sub-
pools were subjected to one round of in vitro selection,
using the same in vitro selection procedure that was used
to select the ribozyme library from random sequence (30)
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Figure 2. Schematic for selecting active ribozymes from each of the ten RNA sub-pools. (A) The RNA sub-pool is incubated with Tmp to allow active
ribozymes to triphosphorylate their 5′-hydroxyl group, generating a 5′-triphosphate. (B) Pool molecules are annealed with a biotinylated RNA and a ligase
ribozyme. The ligase ribozyme covalently links 5′-triphosphorylated pool molecules to biotin. (C) After capture of biotinylated RNAs on streptavidin
beads, RNAs not linked covalently are washed away. Isolated Sequences are then (D) reverse transcribed and (E) PCR amplified.

(Figure 2). Specifically, the RNA sub-pools were incu-
bated in the presence of Tmp such that catalytically ac-
tive pool molecules could convert their 5′-hydroxyl to a 5′-
triphosphate group. Pool molecules with a 5′-triphosphate
were covalently linked to a biotinylated primer, using the
R3C ligase ribozyme (19). Covalently linked pool molecules
were isolated via their new biotin 5′-terminus using strep-
tavidin beads, reverse transcribed, and PCR amplified. Im-
portantly, only sub-pools 1–7 gave rise to a clean PCR prod-
uct of the expected size (Supplementary Figure S1). Sub-
pools 8 and 9 gave rise to a diffuse product distribution
without a band at the expected size. This suggested that af-
ter one round of selection, sub-pool 7 contained the shortest
pool sequences with self-triphosphorylation activity.

In the fifth step, catalytically active RNAs were identified
from sub-pool 7. To do this, sub-pool 7 was cloned, and 21
clones were arbitrarily chosen for biochemical analysis and
sequencing (Supplementary Figures S2 and S3). To measure
the biochemical activity of each clone, an assay was used
in which a radiolabeled primer was ligated to an equimo-
lar concentration of individual RNAs after their incubation
with Tmp, thereby quantifying the fraction of ribozymes
that triphosphorylated their 5′-terminus (30) (Figure 3 and
Supplementary Figure S3). After denaturing PAGE separa-
tion of the products, the quantified bands showed that ten of
the 21 clones had biochemical activity (Figure 3A, B). When
the sequences of these ribozymes were aligned, all ten active
ribozymes fell within one cluster, and all 11 inactive clones
belonged to other clusters (Figure 3B, C and Supplemen-
tary Figure S2). These results suggest that the cluster with
these ten ribozymes represents the shortest ribozymes in the
selected library. The individual sequence with highest activ-
ity, clone 78, was chosen for further biochemical analysis.

To identify the catalytic core of clone 78, additional trun-
cations were made at its 3′-terminus, and the biochemical
activity was tested for each truncation variant (Figure 4).
Truncations at the 5′ end were not made since the 5′ ter-
minus is the catalytic site for the selected activity. The av-

erage activity was highest when the ribozyme was trun-
cated to 54 nucleotides, and the average activity of clone
78 (with a length of 72 nucleotides) was maintained when
the ribozyme was truncated down to 44 nucleotides. Analy-
sis of secondary structures predicted by vsFold5 (45) found
that the ribozymes between 57 and 44 nucleotides in length
could fold into a conserved pseudoknot structure, whereas
longer and shorter variants of the ribozyme did not (Sup-
plementary Figure S4).

To probe the secondary structure of the 44-nucleotide ri-
bozyme we used selective 2′-hydroxyl acylation analyzed by
primer extension (SHAPE) (40) (Figure 5). The SHAPE
probing data were mostly consistent with the formation of
the same pseudoknot as predicted by vsFold5. While the
existence of the P2 stem is confirmed, the P1 stem may be
shorter than the expected six base pairs, or its ends may be
dynamic under the conditions of the SHAPE assay. The P2
stem may be slightly longer than the expected 6 bp through
interactions of the bases C16/C17 with A38/G39. However,
the SHAPE data of these bases may also reflect a more com-
plex interaction, for example involving the protected bases
C23/G24. A tertiary structure determination may help re-
veal, for example, interesting noncanonical base pair inter-
actions or the three-dimensional shape of the Tmp bind-
ing pocket. Previous efforts in RNA 3D structure predic-
tion have not yet been successful in predicting the structure
of large ribozymes and most successful predictions have
been made on short aptamers, especially on those where the
structure of a known homolog has been determined (46–
48). The ribozyme identified in this study may be a good
candidate for 3D structure prediction due to its small size
since the quality of a model correlates with size. Neverthe-
less, the pseudoknot shown in Figure 5B represents the best
working model for the ribozyme’s secondary structure.

When the sequence of the 44-nucleotide ribozyme was
tested for similarities in high throughput sequencing data
of the original selection (39), two additional clusters were
identified that contained the same 17-nucleotide long motif



e116 Nucleic Acids Research, 2020, Vol. 48, No. 20 PAGE 6 OF 10

Figure 3. Biochemical and phylogenetic analysis of 21 cloned sequences
from sub-pool 7. (A) Autoradiograph of a gel-shift assay to detect self-
triphosphorylation activity. The lower panel shows unreacted RNAs,
whereas bands in the upper panel show triphosphorylation activity.
Triphosphorylated RNA (5′-PPP) and RNA with a 5′-hydroxyl group (5′-
OH) served as positive and negative control, respectively. The highly ac-
tive ribozyme AP5 (39) was used as additional positive control. AP5 is 182
nucleotides in length. Clones with an average activity above the detection
limit of 0.1% are marked with an asterisk. (B) Quantitation of triphospho-
rylation assays as shown in (A). Error bars are standard deviations from
triplicate experiments. (C) Phylogenetic comparison of the 21 sequences
from sub-pool 7. The phylogenetic tree was generated with the software
Geneious, using the neighbor-joining treebuild method. All clones with
detectable biochemical activity (higher than 0.1%) are marked with an as-
terisk.

Figure 4. Biochemical activity of variants of ribozyme C78 that are suc-
cessively truncated at their 3′-terminus. In addition to positive control (5′-
PPP) and negative control (5′-OH), the length of the 3′-truncation variants
is used as label. Clone C78 has a length of 72 nucleotides. Error bars are
standard deviations from triplicate experiments. Columns highlighted in
dark grey are predicted to fold into a pseudoknot structure (see Supple-
mentary Figure S4).

(Figure 6). All three sequences are consistent with a model
in which the RNA can fold back on itself to generate helix
P1, immediately followed by an eight-nucleotide sequence
that was identical between the three clusters (red in Figure
6). The six nucleotides preceding the P1 helix contained an
additional three conserved nucleotides (green in Figure 6),
forming an element of 21 nucleotides with 17 conserved po-
sitions. The three clusters containing this motif differed in
the sequence and length of insertions before and after this
21-nucleotide long element. Additionally, the 3′-terminus of
the pseudoknot forming the P2 helix was heterogeneous in
sequence and appeared to be sufficient with 5 base pairs.
At the 5′-terminus, the first 14 nucleotides of the ribozyme
are defined by the constant region, which includes a two-
nucleotide linker between helices P1 and P2 (purple). Be-
cause the P2 helix could also form with other sequences
downstream, the length of this linker––two nucleotides––is
likely required for activity.

To identify the optimal reaction conditions of the 44-
nucleotide ribozyme we measured the biochemical activity
at different concentrations of Tmp and Mg2+, at different
pH values and at different temperatures (Figure 7). At a
Mg2+ concentration of 100 mM, the optimum of the Tmp
concentration saturates at or above 200 mM (Figure 7A). In
contrast, at a Tmp concentration of 200 mM, the optimal
Mg2+ concentration does not exceed 100 mM (Figure 7B).
This is different from the other well-characterized triphos-
phorylation ribozyme TPR1, which shows optimal activity
only when the Mg2+ concentration exceeds the Tmp con-
centration (30), and suggests that these two ribozymes use
different catalytic mechanisms. The pH dependence of the
44-nucleotide ribozyme shows increased activity at higher
pH values (Figure 7C) as expected when the deprotonation
of the 5′-hydroxyl group is the likely rate-limiting step of the
reaction. The temperature optimum of the 44-nucleotide ri-
bozyme is around 10◦C (Figure 7D), different from the op-
timum of a TPR1 variant at 40◦C (49), underlining the dif-
ferent characteristics of these two ribozymes. Together, the
optimum reaction conditions for the 44-nucleotide long ri-
bozyme were 200 mM Tmp, 100 mM Mg2+, a pH of 8.5,
and a temperature of 10◦C.

Together, the results establish a new technique to iso-
late short ribozymes from combinatorial libraries contain-
ing many ribozymes, and provide an initial characterization
of the smallest identified self-triphosphorylation ribozyme.
The technique to identify small ribozymes from large ri-
bozyme libraries may be employed for different ribozyme
libraries and thereby help to identify short ribozymes as
tools, as well as explore the feasibility of RNA systems that
are small enough to have emerged from a prebiotic environ-
ment. For instance, the 44-nucleotide ribozyme identified in
this study is close in length to products generated by model
prebiotic reactions of RNA polymerization (33) and the 17-
nucleotide conserved motif is well within this range.

DISCUSSION

The method described in this study identified a self-
triphosphorylation ribozyme with a conserved motif of 17
nucleotides, and likely additional constraints at positions
21, 23, 24 and up to 5 positions that form the P2 duplex
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Figure 5. SHAPE probing of the secondary structure of the 44-nucleotide long ribozyme. (A) Normalized SHAPE reactivity as a function of the nucleotide
position in the ribozyme. The reactivities of the average of the five most reactive positions were set to 1.0. The reactivity of 0.4 was set as the cutoff between
‘low reactivity’(blue) and ‘high reactivity’ (red). The first three nucleotides (black) did not yield SHAPE data because they were too close to the radiolabeled
5′-terminus to be separated on the used denaturing polyacrylamide gels. Error bars are standard deviations from triplicate experiments. (B) Pseudoknot
structure that is mostly consistent with the SHAPE probing data. Nucleotides with low SHAPE reactivity are shown in blue, positions with high reactivity
in red.

Figure 6. Sequence conservation among three different clusters that appear to form the same catalytic core. (A) Secondary structure with annotation of
nucleotides that are within the primer binding site of the library (lower case), a two-nucleotide linker (purple), three conserved nucleotides in the L2/1 loop
(green), sequences that form P1 and P2 (blue), and an eight-nucleotide sequence that is completely conserved among the three clusters (red). (B) Three
peak sequences from clusters of the original selection. They could form the same secondary structure but with different sizes of loops between the P1 and
P2 duplexes.

(see figures 5 and 6). For a given RNA sequence of length,
n, the total sequence space is 4n. Thus, the conserved motif
identified in this study is likely to be found about once in 420

(∼ 1.1 × 1012) sequences. The original library contained an
effective complexity of 1.7 × 1014 sequences (30), therefore
we would expect to find about 150 such ribozymes. How-
ever, we identified only three such ribozymes in the original
library. There are several possibilities to explain this discrep-
ancy. First, there may be additional sequence determinants
in the ribozyme. For example, the nucleotides at position
15–18 may be constrained, and could contribute up to a
256-fold reduction in complexity. Second, the nucleotides
forming the P2 stem (positions 39–44) may not be as flex-
ible as the sequences of the second and third clones in the
original library would suggest (Figure 6B). Third, a larger
size of the loops between conserved elements may reduce
the fraction of ribozyme folding into the active conforma-
tion. Therefore, most sequences with the 17-nucleotide mo-
tif near the 3′-terminus of the 150 randomized nucleotides
may be inactive. This idea is supported by the finding that
the conserved regions of all three putative ribozymes are
within the first 100 nucleotides of the pool. Awaiting a de-
tailed characterization of the sequence requirement of this

small ribozyme, an incidence number of three in the original
library is therefore within the expected range.

It is possible that there exist other, shorter triphospho-
rylation ribozymes that were not discovered. However, the
17-nucleotide motif of the 44-nucleotide ribozyme was iden-
tified three times in the library, suggesting that any smaller
motif would have been contained even more frequently,
and identified in the used procedure. Two types of self-
triphosphorylation ribozymes would not have been discov-
ered by the original selection: First, the random sequence
library contained 14 nucleotides of fixed sequence at its 5′-
terminus. Any ribozyme with different sequence require-
ments within the first 14 nucleotides would not have been
contained in the original library. Second, the selection pro-
cedure requires that after self-triphosphorylation, the ri-
bozyme 5′-terminus is unfolded and based paired to the 5′-
terminus of a ligase ribozyme. Any ribozyme with a very
stable structure at their 5′-terminus that does not allow an-
nealing with the ligase ribozyme would not be selected. The
procedure of this study relies on the same selection principle
as the original selection, therefore the procedure described
in this study would likely have found any ribozymes in the
original library with a smaller sequence motif than the iden-
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Figure 7. Dependence of ribozyme activity on reaction conditions. (A) Dependence of ribozyme activity on the concentration of trimetaphosphate (Tmp)
at 100 mM MgCl2 and 50 mM Tris/HCl pH 8.5. Empty diamonds correspond to reaction times of 2 min, filled diamonds to 20 min. (B) Dependence of
ribozyme activity on the concentration of MgCl2 at 200 mM Tmp and 50 mM Tris/HCl pH 8.5. (C) Dependence of ribozyme activity on the pH at 200
mM Tmp and 100 mM MgCl2. (D) Dependence of ribozyme activity on reaction temperature at 200 mM Tmp, 100 mM MgCl2, and 50 mM Tris/HCl pH
8.5. In all cases, error bars are standard deviations of triplicate experiments.

tified ribozyme. Similarly, other libraries of in vitro selected
ribozymes can now be tested with the same approach, each
using their own selection scheme.

It is interesting to deliberate whether computational tools
would be able to identify catalytic motifs within High
Throughput Sequencing data of in vitro selected RNA pop-
ulations. One possibility for such a procedure is to use
sequence conservation data in each of the clusters, and
thereby isolate those sequence fragments that are highly
conserved. HTS data on our own in vitro selection were
not deep enough to allow such analysis (39). However, the
high mutagenic rates, and defined nucleotide bias used in
‘DNA shuffling’ are able to tease out the secondary / ter-
tiary structure of a specific ribozyme with a limited depth of
sequencing (50). With the advance of more powerful High
Throughput Sequencing platforms it may become possible
to efficiently identify co-variations even from in vitro se-
lected libraries with low mutagenesis. While this may gen-
erate a computational alternative to the experimental ap-
proach described here, it would be limited by identifying
only conserved structural motifs as opposed to catalytic
function.

The experimental method described in this study could
generate a bias to identify motifs that end in, or are followed
by GC-rich sequences. The reason is that such sequences
would generate more stable duplexes with the randomized
N11-region on the primer used in the Klenow extension re-
action (see Figure 1A). Indeed, most of the identified clones

carry a C-rich sequence immediately after the motif. While
this could reduce the chance of identifying motifs with AU-
rich sequences it may not be a serious concern, especially if
randomized regions with more than 11 nucleotides, and/or
High Throughput Sequencing is used to analyze the selected
sequences.

The described procedure uses truncations at the library
3′-terminus, and therefore depends on the 5′-terminus of the
library to be the position where the reaction occurs. The
majority of in vitro selections for ribozymes have used the
5′-terminus as the reaction site (3,6–10,13,15–20,25,28,29),
therefore the described procedure should be widely appli-
cable. However, several in vitro selections focused on inter-
nal 2′-hydroxyl groups as reactive groups; for these selec-
tions the proposed method would be unsuitable (12,26,27).
Other in vitro selections have used the 3′-terminus of the li-
brary as the position where the reaction occurs (11,24,36).
In these instances, a variation of the described procedure
could be successful: Instead of the 3′-primer with a random-
ized 3′-terminus and a new 3′-constant region for Klenow
extension (see Figure 1A), a 5′-primer could be used that
truncates the ribozyme 5′-terminus. After PAGE purifica-
tion of the extension products, necessary elements at the
5′-terminus such as the promoter for T7 RNA polymerase
could be added by PCR. In this way, the described proce-
dure would be useful for the isolation of short ribozymes for
many types of selections, with reaction centers positioned at
the library 5′-terminus and 3′-terminus.
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