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ABSTRACT

Design of RNA sequences that adopt functional folds
establishes principles of RNA folding and applica-
tions in biotechnology. Inverse folding for RNAs,
which allows computational design of sequences
that adopt specific structures, can be utilized for
unveiling RNA functions and developing genetic
tools in synthetic biology. Although many algorithms
for inverse RNA folding have been developed, the
pseudoknot, which plays a key role in folding of
ribozymes and riboswitches, is not addressed in
most algorithms. For the few algorithms that at-
tempt to predict pseudoknot-containing ribozymes,
self-cleavage activity has not been tested. Herein,
we design double-pseudoknot HDV ribozymes us-
ing an inverse RNA folding algorithm and test their
kinetic mechanisms experimentally. More than 90%
of the positively designed ribozymes possess self-
cleaving activity, whereas more than 70% of nega-
tive control ribozymes, which are predicted to fold
to the necessary structure but with low fidelity, do
not possess it. Kinetic and mutation analyses re-
veal that these RNAs cleave site-specifically and with
the same mechanism as the WT ribozyme. Most ri-
bozymes react just 50- to 80-fold slower than the
WT ribozyme, and this rate can be improved to near
WT by modification of a junction. Thus, fast-cleaving
functional ribozymes with multiple pseudoknots can
be designed computationally.

INTRODUCTION

RNA is a biopolymer that can form complex structures
that allows it to possess functions essential to life. Myriad
RNA-related genetic tools have been designed such as pro-
grammed RNA binding to target DNA and mRNA to reg-
ulate transcription and translation (1,2). In vitro systematic
evolution of ligands by exponential enrichment (SELEX)
(3,4) approaches have been utilized for generating novel
RNAs that have desired functions for genetic tools. How-
ever, SELEX experiments require expertise and take a rel-
atively long time to gain evolved RNAs and perform next-
gen sequencing. Moreover, there is a need to design RNAs
that adopt a desired fold to carry out a function for biotech-
nology or medicinal applications. Therefore, computational
algorithms for rapid, rational, and accurate RNA design are
being developed. The inverse folding problem, which iden-
tifies a sequence that will fold to a given structure or set of
structures, has been extensively used for design of protein
sequences and introduced to RNA sequences (Figure 1) (5–
18). There are many algorithms for inverse RNA folding,
which are well-described in a recent review (19). Notably,
complete computational design of a a self-cleaving hammer-
head ribozyme using RNAiFold was reported, where the
designed ribozyme has sequence-specific cleaving activity
with the catalytic mechanism of a native hammerhead ri-
bozyme (20). Although pioneering, this algorithm does not
currently allow design of sequences that adopt a pseudo-
knot fold.

The pseudoknot is essential to nearly all functional
RNA structures including ribozymes, riboswitches, rRNA,
RNase P RNA, telomerase RNA, tmRNA and several vi-
ral RNAs) (21–26). Generally, the pseudoknot involves a
stem-loop reaching over and interacting with another RNA
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Figure 1. Workflow for computational RNA design for HDV ribozyme.

segment via its loop or a stem defect. Pseudoknots are crit-
ical to RNA function because they allow an RNA to fold
into more compact/complicated structures (26–28). For in-
stance, pseudoknot structure leads to functional domains
of riboswitches and self-cleaving ribozymes, stabilization of
RNA structures and programmed ribosome frame shift-
ing (21,23,26,29,30). Topologically a pseudoknot consists
of two helices that are non-nested, i.e. if the sequence of nu-
cleotides is placed on a circle and base pairs drawn as lines,
the pseudoknots require that the base pairs cross. A pseudo-
knot can be defined formally as more than 2 bp, i-j and i’-j’,
such that nucleotide i appears before i’, i’ before j, and j be-
fore j’ in the primary RNA sequence (i.e. i<i’<j<j’). Despite
the critical importance of pseudoknot structures for RNA
function, most RNA inverse folding algorithms do not con-
sider pseudoknot-containing RNAs (19). For the few in-
verse folding algorithms, such as AntaRNA, MODENA
and Nanofolder, that do consider pseudoknots (10,11,31),
there is no experimental evidence that the predicted RNAs
are active.

We present herein a method for inverse RNA folding
for the functional double-pseudoknot HDV ribozyme. The
HDV and HDV-like ribozymes are self-cleaving ribozymes
that are conserved in the three domains of life (32,33) and
that contribute to rolling-circle genome replication, gene
regulation and retrotransposon processing (34,35). They
undergo site-specific cleavage at a rate ∼106 over back-
ground. HDV ribozymes are comprised of 5 stems (P1, P1.1,
P2, P3 and P4) and 2 linker regions (J1/2 and J4/2) (Figure
2A). There are double-pseudoknot pairings in the P1/P2
and P1.1/L3 regions that are required to fold into the active
form (29), and a recent study revealed that the J1/2 region
adjusts the topology of the catalytic core (36). We chose
the HDV ribozyme as a model RNA because it has a dou-
ble pseudoknot, has been extensively characterized mech-
anistically (37–41) and has a high-resolution crystal struc-
ture available (PDB ID: 3NKB) (29). Kinetics, thermody-
namics and structure analyses performed herein reveal that
our designed ribozymes have self-cleavage activity that is

sequence-specific, shares the same mechanism as wild-type
ribozymes, and is only ∼50- to 80-fold slower. Moreover, re-
design of a junction region leads to catalytic activity that is
comparable to the native HDV ribozyme.

MATERIALS AND METHODS

Computation

Computational design of sequences. Computational RNA
design was performed following the workflow in Figure 1.
Central to the procedure is RNAiFold, a software package
for the design of sequences that will fold to a user-specified
secondary structure. RNAiFold systematically and effi-
ciently identifies all sequences that will fold with lowest free
energy to the specified secondary structure, using the Vi-
enna RNA package to predict structures (42). RNAiFold is
not currently able to include pseudoknots in the structure,
however. Therefore, we developed a procedure in which we
first identify pseudoknot-free sequences with RNAiFold,
and post-process the output of RNAiFold to select the sub-
set of sequences that will also form the pseudoknot. The
pseudoknot is removed from the structure descriptor used
by RNAiFold and the nucleotide pairs in the sequence are
temporarily forced to be single stranded. We ran RNAiFold
separately for all possible combinations (8192, see below)
of Watson-Crick pairs in the pseudoknot. To post-process,
we checked the predicted structure for each sequence using
ProbKnot (28), which can predict secondary structures with
pseudoknots.

We used a structure descriptor of the HDV ribozyme
based on a prior comparative analysis of sequences (33)
with minor changes (Figure 2A). For input to RNAiFold,
the base pairs in P1 (nucleotides 1–7 and 29–35) and P1.1
(nucleotides 20–21 and 36–37) regions were removed. To
later include these pairs, which are needed for function, we
generated all 8192 sequences that can form all Watson–
Crick pairs. (To save computational time, we did not in-
clude GU pairs, except for G1-Y35.) The total number
of generated pairs is therefore equal to 2 × 46 = 8192,
where there are 6 Watson–Crick base pairing positions
and Y35 is either C or U. Next, RNAiFold version 2.1
(13,43) was run locally for each of these 8192 pseudo-
knot sequences, but constraining these nucleotides in P1
to be unpaired. RNAiFold was downloaded from http://
bioinformatics.bc.edu/clotelab/RNAiFold. We used default
parameters in RNAiFold version 2.1, except for MAXsol
(maximum number of solutions), which was set to 1 000
000. For the version of Vienna Fold, we used version 2.1.7,
and we used the nearest neighbor parameters from 2004
(44). For a sequence of this length, however, the calcula-
tion time to generate these many sequences that fold with
lowest free energy to the specified structure was prohibitive.
RNAiFold also returned a large number of excellent can-
didate sequences. Therefore, we ended execution for each
calculation at 6 h (on a Intel(R) Xeon(R) CPU E5-2695 v2
@ 2.40GHz processor using a single core), and used the se-
quences that were generated in that time. We note that, be-
cause we truncated the sequence search by RNAiFold, we
could have used the -RandomAssignment flag to randomize
the search order and therefore diversify the set of sequences
that were generated (13).

http://bioinformatics.bc.edu/clotelab/RNAiFold
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Figure 2. Designed RNAs have sequence differences in P1, P2 and P4 stems. (A) Structure descriptor for the inverse RNA folding. Fixed nucleotides are
red. (B) Pseudoknot interactions in P1 (blue box) and between P1.1 and L3 (green box) were disrupted by randomizing the seed sequence. (C) Distribution
of the designed RNAs plotted on NED versus folding free energy. Threshold value was set at 0.03 (blue line). (D) Nucleotide probability in all positively
designed sequences analyzed by WebLogo 3. The primary sequence of the structure descriptor is provided in the top line.

Next, we used two filters to remove sequences that might
not fold to the target structure. We used ProbKnot (with
default parameters) to predict the structure for each se-
quence with all base pairing constraints removed (28). We
required that over 93% of the Probknot-predicted base
pairs, including the pseudoknots, be in the desired structure.
Next, we identified sequences that could possibly fold into
G-quadruplexes using Quadbase2, and removed those se-
quences (45). We used the default parameters of low strin-
gency (Min stem length = 2, Min loop length = 1, Max
loop length = 12) configuration in QuadBase2 and chose
the greedy search algorithm option. All sequences are pro-
vided in Supplementary File 1.

Selection of candidate RNAs for biochemical analyses. Af-
ter the computational design described in the previous sec-
tion, candidate sequences for experiments were selected on
the basis of the following screening criteria: normalized en-
semble defect (NED) value, GC content and sequence dif-
ference. An NED value defines a length-normalized aver-
age number of incorrectly paired nucleotides at equilibrium
evaluated over the ensemble of secondary structures for a
given sequence (9). Because many of the sequences from
RNAiFold were GC-rich, we clustered the data accord-

ing to GC-richness. Specifically, designed sequences were
classified into six subgroups depending on GC content in
stem regions. We use the term ‘GC-count’ to designate the
number of GC base pairs in an RNA, where there are 23
bp in total. We selected GC-counts of 14–19 for further
consideration. The natural CPEB3 ribozyme has 15 GC
base pairs of 24 bp in total. To pick up RNAs that do
not have high sequence identity, phylogenetic trees were
created (Supplementary Figure S1A) for each of the fol-
lowing GC-count subgroups GC14, GC15, GC16, GC17
and GC18. Specifically, a FASTA-formatted sequence file
was analyzed by CLUSTAL W (web server at http://www.
genome.jp/tools-bin/clustalw) with default parameters. A
rooted phylogenetic tree (UPGMA) was created using the
server and grouped into 10 branches for each GC count (see
Supplementary Figure S1A). A sequence was randomly se-
lected from each branch (total 10 sequences). The obtained
sequences were analysed by WebLogo 3 (http://weblogo.
berkeley.edu/) (46) with default parameters (Supplementary
Figure S1B). In the case of GC19, there were only three de-
signed sequences. For experiments, two candidate sequences
were selected from each of the six GC-count subgroups on
the basis of lowest and second lowest NED for a total of 12
candidate sequences (Supplementary Figure S1C).

http://www.genome.jp/tools-bin/clustalw
http://weblogo.berkeley.edu/
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Experiments

Preparation of RNA transcripts. RNA was obtained by in
vitro transcription. DNA templates are provided in Supple-
mentary File 2, where ‘F’ is for forward and ‘R’ is for re-
verse, the underlined sequences correspond to the T7 pro-
moter and lower case shows 5′ leader sequences of the ri-
bozymes. RNA sequences are also provided in Supplemen-
tary File 2. Transcription was conducted in a reaction mix-
ture of 40 mM Tris–HCl (pH 7.5), 2 mM DTT, 1 mM sper-
midine, 2.5 mM NTPs, 25 mM MgCl2 and 20 ng/�l of tem-
plate DNA at 37◦C for 4 h. Resultant transcripts were pu-
rified by 10% denaturing polyacrylamide gelelectrophore-
sis (PAGE) (8.3 M urea) and recovered by ethanol precip-
itation. The dry pellet was dissolved in water and stored
at −20◦C. To prepare full-length internally labeled precur-
sor RNAs for self-cleavage assays, NTPs and MgCl2 con-
centrations were reduced to 0.6 and 4.4 mM, respectively,
to increase internal labeling efficiency and decrease self-
cleavage during transcription. In addition, fresh [�-32P]-
GTP (Perkin-Elmer) was added to 10 �Ci. Transcription at
37◦C was performed for just 2 h to reduce self-cleavage. In
case of CPEB3 ribozyme, 10 �M blocking oligonucleotide
5′-d(GTG GCC CCC TGT TAT C) was added into the tran-
scription buffer to further inhibit self-cleavage.

Self-cleaving assay. Internally labeled RNAs were rena-
tured at 85◦C for 2 min in reaction buffer containing 25 mM
Tris–HCl (pH 7.5), 140 mM KCl and 0.001% sodium do-
decyl sulphate (final concentrations), and cooled to room
temperature for 10 min. Self-cleaving reaction was initi-
ated by addition of MgCl2 to a final concentration of 50
mM. The reaction was quenched by 2× formamide buffer
(70% formamide, 50 mM ethylenediaminetetraacetic acid
(EDTA), 0.02% xylene cyanol, 0.02% bromophenol blue) at
specific time intervals. Reaction products were fractionated
by 10% denaturing PAGE (8.3 M urea) and visualized by a
PhosphorImager (Typhoon 650; GE Healthcare). Fraction
cleaved (fcleaved) of internally labeled RNA is defined as

fcleaved = I5′−cleaved + I3′−cleaved

I5′−cleaved + I3′−cleaved + Iintact
(1)

where I5′-cleaved is band intensity of 5′-cleaved RNA, I3′-cleaved
is band intensity of 3′-cleaved RNA and Iintact is band inten-
sity of uncleaved RNA. The observed first-order rate con-
stants for the ribozymes (kobs) were determined by single
exponential curve fitting of fcleaved versus time plots to

fcleaved = A+ Be−kobs t (2)

where A is the fraction of ribozyme cleaved at completion,
−B is the amplitude of the observable phase, kobs is the ob-
served first-order rate constant for ribozymes self-cleaving
for the non-burst phase, and t is time. Self-cleaving assays
were performed in duplicate, with each assay analyzed in
duplicate (n = 2 experiments × 2 analyses = 4), or per-
formed in triplicate (n = 3).

For rate-pH profile experiments, MES was used for pH
5.5, 6.0 and 6.5, and Tris–HCl for pH 7.5. The reaction was
performed in the presence of 50 mM MgCl2 at 37◦C and
quenched at specific time points out to 21 h. Although we
tested the activity at pH 8.4 and 9.5, the RNAs were de-

graded during the course of the reaction and so the data
were not used.

Monitoring of thermal denaturation by UV absorbance. To
prepare RNA for thermal denaturation, 0.5 OD/ml (final
concentration) of the RNAs were renatured at 95◦C for 3
min in melt buffer containing 10 mM sodium cacodylate
(pH 7.0) and 140 mM KCl, and cooled to room temperature
for 10 min. Next, MgCl2 was added into the mixture to 0, 2,
10, 25 or 50 mM, incubated at 55◦C for 3 min, and cooled
to room temperature for 10 min. Renatured samples were
then centrifuged at 14 000 rpm for 10 min to degas. Sam-
ples were melted on an OLIS spectrophotometer with a data
point acquired every 0.5◦C and a heating rate of 0.5◦C/min
at 230–300 nm at a temperature range from 5◦C to 95◦C. Ex-
periments were independently performed in duplicate. Data
were smoothed by taking average of a data point with an
11-point window, and then the derivative was taken at ev-
ery 0.5◦C. The melting temperature (TM) of each RNA in
degrees Celsius was fit by a nonlinear Marquardt algorithm
in Kaleidagraph using Equation (3)

f (T) = (mu T + bu) + (
m f T + b f

)
e[ �H

R ]
[

1
Tm+273.15 − 1

T+273.15

]

1 + e[ �H
R ]

[
1

Tm+273.15 − 1
T+273.15

] (3)

where mu and mf are the slopes of the upper (unfolded) and
lower (folded) baselines, bu and bf are the y-intercepts of
the upper and lower baselines, and ΔH is the enthalpy of
folding in kcal·mol−1, as described previously (47). R is the
gas constant of 0.00198 kcal·K−1·mol−1. Data from the two
independent melts were averaged, and errors are the range
of two-independent experiments.

Non-denaturing PAGE. Cleaved RNAs were obtained
from self-cleaved products of precursor RNAs. The cleaved
RNAs are ready to use for 5′ labeling since they have 5′ OH.
The RNAs were 5′-end labeled with [� -32P]-ATP (Perkin-
Elmer) using T4 polynucleotide kinase (New England Bio-
Labs) as per the manufacturer’s instructions, and purified by
10% PAGE (8.3 M urea). The RNAs were renatured at 95◦C
for 2 min in THE buffer (pH 7.5) containing 34 mM Tris-
base, 66 mM HEPES-acid and 1 mM EDTA, and cooled
to room temperature for 10 min. Since 1 mM EDTA binds
1 mM Mg2+, 3 mM MgCl2 was then added into the mix-
ture so that the final concentration of Mg2+

free is 2 mM. The
RNAs were then renatured at 55◦C for 3 min, and cooled to
room temperature for 10 min. After the renaturation, 10%
glycerol (final concentration) was added into the RNA so-
lution and the RNAs were immediately loaded onto 10%
non-denaturing gel (10% acrylamide-bisacrylamide (29:1),
1× of THE buffer and 3 mM total MgCl2) with running at
10 W at 5∼8◦C. Upon completion of electrophoresis, the
gel was dried and the RNAs were visualized by Phospho-
rImager. Fraction full-folded RNA (fF) was defined as

fF = maximum mobility RNA count
input RNA count (entire lane intensity)

(4)

In-line probing experiment. The 5′-end labeled RNAs
(∼230 kcpm) were incubated with in-line probing (ILP)
buffer containing 50 mM Tris–HCl (pH 8.3), 200 mM KCl
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and 2 mM MgCl2 in 10 �l of reaction mixture at 37◦C for
0, 24 and 47 h. The ILP reaction was stopped by addition
of 2× formamide buffer. RNA alkaline ladder and RNase
T1 ladder were loaded as standard ladders. Then, 2 �l of
the sample was loaded onto a 10% polyacrylamide (8.3 M
urea) sequencing gel and fractionated at 40 W for approxi-
mately 2 h. Experiments were performed in triplicate. Data
at 0 and 24 h time points were analyzed by ImageQuant.

RESULTS

Computation

The computational part of our study involved two stages.
First, we designed sequences that have the potential to
adopt the double-pseudoknotted structure of the HDV ri-
bozyme. This provided thousands of sequences. Second, we
used filters to select those candidates most likely to adopt
the final structure. These two stages are described in the first
two sections of the ‘Results’ section.

Approach for inverse RNA folding and structure descriptor
for HDV ribozyme. Our strategy for the inverse folding
is summarized in Figure 1. To begin (Figure 1, step1),
we prepared a descriptor that contains pseudoknots as
shown in Figure 2A, following previous sequence compari-
son (33,48). The base pairing G1-Y35 in P1, as well as C20-
G37 and C21-G36 in P1.1, where the pseudoknot base pair-
ing is required to form the catalytic center, were fixed in se-
quence. The conserved U19C23G24 sequence in L3 is also
fixed since U19 and G24 form reverse wobble base-pairing
that is crucial for the catalysis (29,49,50). The sequences
C52R53R54A55 in J4/2 were used for the structure descrip-
tor. The C52 in designed ribozymes corresponds to C75 in
the HDV ribozyme (our structure descriptor has a shorter
P4 stem than the HDV ribozyme) and acts as a general acid
in the catalytic mechanism (37). We also fixed five successive
nucleotides in L4 loop as As to avoid alternative folds. We
further inserted an A (A38) between P1.1 and P4 to prevent
incorrect G-C base paring between the Gs of P1.1 and C52.

We next used RNAiFold to identify sequences that fold
to the descriptor with the lowest free energy. Because
RNAiFold does not allow pseudoknots (Figure 1, step2),
we disrupted the pseudoknots (specifically base pairs in P1
and P1.1) in the descriptor (Figure 2B) (13). We generated
all possible sequences that would replace the disrupted pairs
with base pairs, a total of 8192, and ran RNAiFold for
each of these sequences, specified as sequence constraints
in RNAiFold. This generated sequences that fold to the
pseudoknot-free descriptor with lowest free energy. In to-
tal, 62 099 216 sequences were generated in this way.

The sequence design outputs vast numbers of ribozyme se-
quences. To favor correct folding, sequences were filtered
in three ways: First, the normalized ensemble defect (NED)
(defined in the Materials and Methods) was calculated for
each sequence (Figure 1, step 3 and Figure 2C). Next, the
structure for each sequence was predicted using ProbKnot
(28) (Figure 1, step 4), which is able to predict pseudo-
knots. Only sequences with the correctly predicted struc-
tures (>93% of predicted pairs matching the expected struc-
ture) were passed to the final filter. This filter was a heuristic

to ensure we had a large set of sequences and that these se-
quences would each fold largely to the correct structure. In
the third filter (Figure 1, step 5), sequences that were pre-
dicted by Quadbase2 (45) to form G-quadruplexes were re-
moved. There were 13 552 designed RNAs remaining af-
ter the steps in the preceding section. Note that these se-
quences are thought to contain both active and inactive ri-
bozymes. We thus conducted further filtration (Figure 1,
step 6). In 13 552 sequences, we set a threshold value as
0.03. We regard the sequences (NED < 0.03) as positively
designed ribozymes whereas the sequence (NED > 0.03) as
negatively designed ribozymes. The negatively designed ri-
bozymes are negative controls that are predicted to fold with
lowest free energy to the correct structure, but with low fi-
delity, as quantified by NED. We show nucleotide proba-
bility of positively designed ribozymes in Figure 2D. We
note that this set of sequences was limited by truncating
the RNAiFold calculation times to 6 h, so the sequences we
chose are not representative of the full space of sequence
solutions. The sequences were divided into subgroups ac-
cording to GC count (Figure 1, step 6.2) (see Materials and
Methods). We then aligned the sequences and generated
phylogenetic trees for each GC count to look for unique
classes of ribozymes. We identified 10 branches on the phy-
logenetic trees and picked one sequence from each in an ef-
fort to disfavor sequences that are highly similar (Figure 1,
step 6.3 and Supplementary Figure S1). Final candidates
for positively designed ribozymes (called ”group 1”) were
selected based on the two lowest NED values to give 2 se-
quences for every GC count, or 12 sequences in total. An
additional group of eight sequences with high NED (group
2, Figure 1, step 6.1) were selected to serve as negatively
designed, i.e. negative control, ribozymes (Supplementary
Figure S2). We named the designed ribozymes as Designed
HDV Ribozymes (DHRz). Finally, we used the NCBI nu-
cleotide BLAST web interface to test if these designed se-
quences appear in the nucleotide collection databases (51).
We did not find any significant similarity to our designed se-
quences, indicating that the resultant sequences are unique.

Experiments

Designed ribozyme has self-cleavage activity and specificity.
To evaluate our RNA design, we tested the activity of
our computationally designed ribozymes experimentally.
We first characterized the DHRz 2511 (Figure 3A). An up-
stream sequence gggagcgccaaacau that was derived from
drz-spur-3, a native HDV-like ribozyme (33), was attached
to the 5′-end of the designed RNA (Figure 3A). Ribozyme
activity was detected after a 60 min reaction only in the
background of high Mg2+ (50 mM) (Supplementary Fig-
ure S3A). To see if the ribozyme possesses a similar cleav-
ing mechanism as native HDV ribozyme, we prepared a
C52G variant in which C52 (corresponding to C75 in na-
tive HDV ribozyme) was substituted by G (Figure 3A). Self-
cleaving activity was completely abolished in the C52G vari-
ant, tested out to 3 h at all temperatures (37, 50 and 60◦C)
(Figure 3B Compare lane sets 1 and 3, and Supplemen-
tary Figure S3B). This supports a similar mechanism as
wild-type HDV ribozyme. Moreover, similar to the HDV
ribozyme (52), activity in the C52G variant was rescued
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Figure 3. Designed ribozyme DHRz 2511 possesses catalytic activity with a native HDV ribozyme-like mechanism. (A) Secondary structure of DHRz
2511. The precursor sequence from drz-spur-3 was attached to 5′ end of the designed ribozyme. The C52G variant is indicated. (B) Self-cleaving activity
of the ribozyme. Catalytic activity was tested in 50 mM Mg2+ and absence/presence of 200 mM imidazole. The reaction is divided into four sets: ±200
mM imidazole with wild-type or C52 variant. (C) Self-cleavage site of the ribozyme. Left half: Precursor ribozyme. Right half: Cleaved ribozyme. ‘NR’:
No reaction, ‘N’: Alkaline ladder, ‘T1’: RNase T1 ladder. Reactions are at 37 oC.

by 200 mM imidazole, supporting that C52 acts as a gen-
eral acid (Figure 3B). To determine the cleavage site of the
ribozyme, digestion pattern of RNase T1 (G-specific) was
compared between two RNAs: one from precursor DHRz
2511 and the other from cleaved DHRz 2511 that was ob-
tained from the cleaved product after self-cleaving (Figure
3C). In the precursor ribozyme, the T1 ladder starts at G-15
in the 5′-leader sequence, whereas in the cleaved ribozyme,
the T1 ladder starts at G1, indicating that the designed
RNA cleaved the precursor sequence between G-1 and G1.
This shows that DHRz 2511 has the same specificity for self-
cleavage as the native HDV ribozyme. Overall, the DHRz
2511 ribozyme appears to have a similar mechanism and
specificity as the native HDV ribozyme, albeit at a reduced
rate.

Designed ribozymes demonstrate high-accuracy. We next
tested the prediction accuracy of our inverse folding algo-
rithm. We prepared the 12 ribozymes that scored NED <
0.03 (i.e. positively designed ribozymes) and 10 ribozymes
that scored NED ≥ 0.03 (i.e. negatively designed ribozymes)
(Figure 2C). The negatively designed ribozymes tested were
not expected to fold into the catalytic structure, as there
are low free energy structures that compete with the cat-
alytic structure. Cleavage activity in the various designed ri-
bozymes was tested at 37◦C in the background of 50 mM
Mg2+. We found that 11 out of 12 positively designed ri-
bozymes have self-cleaving activity, whereas only 3 out of 10
negatively designed RNAs do (Supplementary Figure S4).

Thus, accuracy of positive selection is >90% (i.e. low false
positives) while accuracy of negative control is ∼70% (i.e.
low false negatives). These tests indicate that our computa-
tional design algorithm is successful in selecting active ri-
bozymes.

Self-cleaving activity of designed ribozymes is less than
that of native HDV ribozyme. We next compared self-
cleavage activity between designed ribozymes and WT hu-
man CPEB3 ribozyme at 37◦C (Figure 4). Self-cleavage for
DHRz 2511 and CPEB3 ribozyme had monophasic behav-
ior with first order rate constants of 0.0021 ± 0.0002 min−1

(50 mM Mg2+) and 0.10 ± 0.027 min−1 (2 mM Mg2+), re-
spectively, showing that while the designed ribozyme cleaves
at a rate ∼104 above background (53), it still reacts ∼50-
fold slower than the CPEB3 ribozyme even at different
Mg2+ concentrations (Figure 4A and Table 1). We also
tested higher temperatures of 50◦C and 60◦C, however the
reaction was not improved (Supplementary Figure S3B).
We were curious if this kinetic property was observed in the
other designed ribozymes. Thus, we repeated the assay using
14 different designed ribozymes (Figure 4B). Rate constants
for the designed ribozymes lie in a narrow range of 0.001 ∼
0.003 min−1, and significantly slower than wild-type CPEB3
ribozyme. Slower rates were likely to be not related to the
NED value and GC counts as shown by lack of a trend in
Figure 4B (Table 1). To address the slower rates, we focused
on J1/2, as such joining regions often play critical role in
RNA folding (54). Indeed, the nucleotides in J1/2 have vari-
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Figure 4. Cleavage activity of designed HDV ribozymes is less than native HDV ribozyme. (A) Plot of fcleaved versus time for DHRz 2511 (Closed circle)
and CPEB3 ribozyme (Open circle). Data for CPEB3 are re-plotted from our previous study (59). Errors are S.D. (n = 4). Activity in CPEB3 and DHRz
2511 ribozyme were measured in backgrounds of 2 mM and 50 mM Mg2+, respectively. (B) Rate constants for designed ribozymes, including J1/2 variants,
and the CPEB3 ribozyme (far right). ‘NR’ indicates catalytic activity was not detectable. Errors are S.D. (n = 4).

ant lengths in naturally occurring HDV-like ribozymes (33).
Recent work by Webb et al. revealed that nucleotides in ex-
tended J1/2 regions can base pair and form a P1.2 pairing
that promotes catalytic formation. They also showed that
extended single strand nucleotides in J1/2 stimulate self-
cleavage activity in a nucleotide-length-dependent fashion
(36). Our designed ribozymes possess only a single adeno-
sine in J1/2. We thus prepared J1/2 variant ribozymes (JM)
in which either one (JM1) or four additional As (JM2) were
inserted into J1/2, and tested their self-cleaving activities
(Figure 4B). The insertion stimulated rates 3.9- and 3.6-fold
for JM1 and JM2, respectively. The joining regions are thus
a critical part of design.

Designed RNAs fold non-cooperatively. Prior studies on
proteins indicate that computationally designed proteins
can lack cooperativity in their folding (55). We thus eval-
uated RNA folding cooperativity and structural compact-
ness of our designed ribozymes (Figure 5). Thermal de-
naturation was carried out in 140 mM KCl with concen-
trations of Mg2+ ranging from 0 to 50 mM (Figure 5A–D
and Supplementary Figure S5). Unfolding transition peaks
were broad in 0–50 mM Mg2+, shifting to higher tempera-
ture at high Mg2+ concentrations (Figure 5A–D). Note that
dA260 nm/dT values increase at high temperature (>80◦C)
in the high concentrations of Mg2+ (25 and 50 mM), which
is likely due to non-specific cleavage of the RNA. As com-
pared to wild-type CPEB3 ribozyme, the unfolding of the
designed ribozymes is broad with multiple peaks, except for
DHRz 2859, implicating that most designed RNAs unfold
non-cooperatively with populated unfolding intermediates
(Figure 5A–C and Supplementary Figure S5). As with the
CPEB3 ribozyme, the DHRz 2859 shows cooperative un-
folding transition with a single- and narrow-peak, although
the activity in the DHRz 2859 is ∼60-fold slower than that
of the CPEB3 ribozyme. These findings suggest that, at least
in this research, we did not achieve a rational design of RNA
that folds cooperatively using RNAiFold, similar to what
has been reported for computationally designed proteins
(55). Additional factors may thus need to be included in the
computational design of RNAs to attain folding coopera-

tivity. Our results also show that catalytic activity of the de-
signed ribozymes does not correlate with extent of folding
cooperativity.

We then performed non-denaturing PAGE to assess
structural compactness of the designed ribozymes (Figure
5E). We used the CPEB3 ribozyme and a variant DHRz
2511 in which the pseudoknot interactions were disrupted,
denoted ‘DP’, for comparison. The DP variant is designed
to not form base-pairing in P1.1 and P2 stems, where
C20C21 and C56CGCUUC62 were substituted by G20G21
and G56GCGAAG62, respectively (Supplementary File 2).
The mobilities of the designed ribozymes are nearly identi-
cal to each other and to the wild-type, while the mobility of
the DP variant is slower (Figure 5E). This holds in the pres-
ence of just 2 mM Mg2+

free. Fraction of full folded RNA
(ffull folded RNA) for most designed ribozymes is also similar to
that of the CPEB3 ribozyme (Figure 5F). Similar native gel
behavior suggests designed ribozymes share a similar topo-
logical structure with the CPEB3 ribozyme.

Weaker protonation for the general acid cytosine at position
52 in J4/2 in the designed ribozymes decreases the rate con-
stants. After testing compactness in the previous section,
we tested local structure of the ribozyme. We compared
in-line reactivity between the designed ribozymes and the
CPEB3 ribozyme. ILP provides a readout of mobile regions
(loop, bulges and junctions) in RNA (47,56). We observe
similar cleavage patterns in the designed ribozymes and the
CPEB3 ribozyme, which correlate with the expected sec-
ondary structure; such specific cleavage patterns are not ob-
served in the DP variant (Figure 6A). This result strongly
suggests that our designed ribozymes fold into the double
pseudoknot structure, consistent with the non-denaturing
PAGE (Figure 5E). Interestingly, normalized in-line reac-
tivity in J4/2 (especially A53) is significantly higher in the
designed ribozymes than the CPEB3 ribozyme (Figure 6B
and C), suggesting that the 2′-OH of the A53 in the de-
signed ribozyme is solvent exposed. We thus hypothesized
that incorrect formation of J4/2 perturbs formation of the
catalytic core in the designed ribozyme. This fits the notion
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Table 1. Kinetic parameters for designed and CPEB3 ribozymes

Ribozyme Remarks GC count kobs (min−1)
Relative activity to DHRz
2511

DHRz 20 NED < 0.03 19 0.0013 ± 0.0001 0.6
DHRz 15 NED < 0.03 19 0.0013 ± 0.0001 0.6
DHRz 19 NED < 0.03 18 0.0017 ± 0.0001 0.8
DHRz 1104 NED < 0.03 18 0.0013 ± 0.0002 0.6
DHRz 1285 NED < 0.03 17 0.0012 ± 0.0001 0.6
DHRz 472 NED < 0.03 17 N.D.
DHRz 1998 NED < 0.03 16 0.0019 ± 0.0001 0.9
DHRz 940 NED < 0.03 16 0.0028 ± 0.0001 1.3
DHRz 2859 NED < 0.03 15 0.0019 ± 0.0001 0.9
DHRz 2511 NED < 0.03 15 0.0021 ± 0.0002 1.0
DHRz 1714 NED < 0.03 14 0.0020 ± 0.0001 1.0
DHRz 790 NED < 0.03 14 0.0020 ± 0.0002 1.0
DHRz 671 NED > 0.03 21 0.0014 ± 0.0002 0.7
DHRz 1767 NED > 0.03 17 0.0012 ± 0.0001 0.6
DHRz 1571 NED > 0.03 14 0.0010 ± 0.0001 0.5
DHRz 1998 JM1 A insertion in J1/2 16 0.0081 ± 0.0003 3.9
DHRz 1998 JM2 4As insertion in J1/2 16 0.0070 ± 0.0007 3.3
DHRz 2511 JM1 A insertion in J1/2 15 0.0075 ± 0.0004 3.6
DHRz 2511 JM2 4As insertion in J1/2 15 0.0045 ± 0.0009 2.2
DHRz 2511 M1 Domain substitution 12 0.028 ± 0.002 14
DHRz 2511 M2 Domain substitution 16 0.0017 ± 0.0003 0.8
DHRz 2511 M3 Domain substitution 15 0.0023 ± 0.0001 1.1
DHRz 2859 M1 Domain substitution 12 0.025 ± 0.007 13
DHRz 1714 M1 Domain substitution 11 0.038 ± 0.012 19
CPEB3 Native HDV-like ribozyme 15 0.10 ± 0.027a 50

N.D.: not detectable due to slow reaction. Errors are S.D. (n = 3 or 4). Negatively designed ribozymes (NED > 0.03) in which the activity is not detectable,
are not listed. Reaction condition is pH7.5 and 50 mM Mg2+. Activity relative to DHRz 2511.
aThe kobs was calculated from our previous work, where the reaction was tested in the background of 2 mM Mg2+ at 37◦C (59).

that joining regions play critical roles in RNA folding, as
discussed above for J1/2 and demonstrated elsewhere (54).

To test the importance of J4/2, we prepared three vari-
ants of DHRz 2511 where the sequence in specific regions
was swapped with the analogous sequence in the CPEB3 ri-
bozyme: M1, where J4/2 and portions of P4 and P2 were re-
placed; M2, where P1 and P2 were replaced; and M3 where
P4 was replaced. The self-cleaving activities of the three
J4/2 variants were then tested (Figure 7A and B). The rate
constant for the M1 increased 14-fold as compared with
DHRz 2511, whereas rate constants for M2 and M3 did not
change significantly (Figure 7C and D). These findings are
consistent with above ILP results. We tested other M1 vari-
ants (DHRz 2859 M1 and DHRz 1714 M1), which also in-
creased the ribozyme activity at 13- and 19-fold, respectively
(Supplementary Figure S6).

Next, we characterized the active M1 variant of DHRz
2511. The melting temperature of the DHRz 2511 M1 was
decreased (∼6◦C) as compared with DHRz 2511, presum-
ably due to low GC count (12 versus 15 GC counts) (Sup-
plementary Figure S7 and Table 2). The ΔH for DHRz
2511 M1 is similar to that for DHRz 2511, and consis-
tently smaller than the ΔH for CPEB3 ribozyme, consis-
tent with non-cooperative unfolding (Table 2, last column).
We tested also the thermal stability of the other M1 ri-
bozymes. The DHRz 2859 M1 loses sharpness of the un-
folding transition (Supplementary Figure S7D–F and Ta-
ble 2), and the melting temperature of the ribozyme is de-
creased, as in DHRz 2511 M1. Finally, the DHRz 1714 M1
improves RNA folding cooperativity (Supplementary Fig-
ure S7G–I and Table 2). The mutation in J4/2 therefore af-
fects RNA folding, with both positive and negative effects,

which can change the population of misfolded ribozymes
(Supplementary Figure S7). We also tested in-line reactivity
in J4/2 in M1. Insertion of the CPEB3 sequence led to re-
duced, wild-type-like ILP reactivity in J4/2, consistent with
native folding in this region (Supplementary Figure S8).

We hypothesized that the aberrant structure in J4/2 in
the designed ribozymes might affect protonation of the gen-
eral acid. To address this, we measured rate-pH profiles for
the DHRzs and M1 (Supplementary Figure S9). At the pH
range of 5.5–6.5, the logarithm of the rate constant for M1
increases with a slope of ∼1.1, reflecting the fraction of the
protonated C52+, consistent with the native HDV ribozyme
(37). In contrast, the rate constants for the DHRzs increase
only slightly with pH, with slopes of 0.3–0.5, consistent
with folding defects and kinetic complexity (Supplementary
Figure S9). In sum, catalysis in the designed ribozyme is
strongly influenced by the sequence in J4/2, which affects
the protonation status of C75 at physiological pH.

DISCUSSION

In this study, we developed and implemented a compu-
tational RNA design for the pseudoknot-containing ri-
bozymes. Our design strategy output over thirteen thou-
sand sequences, which were selected based on the crite-
ria of NED values, GC counts, and sequence difference.
Experimental self-cleaving assays revealed accuracy of our
RNA design: Most positively designed RNAs that we tested
have self-cleaving activities (Figure 4 and Supplementary
Figure S4), and the designed RNA was inactivated by the
C75 counterpart C52G mutation and restored in the pres-
ence of imidazole, as previously described for the HDV ri-
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Figure 5. Designed ribozymes unfold non-cooperatively but are compact. (A–D) Denaturation curves of designed ribozymes and CPEB3 ribozyme mea-
sured in the background of 0 (black), 2 (blue), 10 (green), 25 (orange) and 50 mM Mg2+ (red). Cleaved ribozymes were used for the experiments. See
Supplementary Figure S5 for additional RNAs. (E) Global folding of the ribozymes compared by non-denaturing PAGE. (F) Fraction full folded RNA cal-
culated from non-denaturing PAGE. Errors are range of two-independent experiments.

Table 2. Profiles of thermal denaturation

Ribozyme GC count (/23bp) NED
Folding ΔGa

(kcal/mol) Tmb (◦C) ΔHc (kcal/mol) ΔH/ΔHCPEB3

DHRz 20 19 0.0201 −29.5 67.8 ± 0.7 −37.2 ± 1.7 0.6
DHRz 19 18 0.0235 −28.0 71.8 ± 0.4 −33.5 ± 0.9 0.5
DHRz 1285 17 0.0199 −25.7 65.6 ± 1.7 −20.5 ± 11.3 0.3
DHRz 1998 16 0.0206 −23.4 71.6 ± 5.4 −16.6 ± 4.2 0.3
DHRz 2859 15 0.0208 −22.7 67.0 ± 0.1 −68.1 ± 7.4 1.1
DHRz 2511 15 0.0237 −21.4 64.7 ± 1.4 −45.3 ± 2.8 0.7
DHRz 1714 14 0.0204 −19.5 62.8 ± 0.9 −16.7 ± 0.5 0.3
DHRz 2511 M1 12 58.4 ± 0.2 −38.5 ± 0.7 0.6
DHRz 2859 M1 12 57.1 ± 0.1 −44.1 ± 1.6 0.7
DHRz 1714 M1 11 50.3 ± 0.2 −47.9 ± 4.8 0.8
CPEB3 15d 65.6 ± 0.5 −62.9 ± 0.8 1.0

Tm values were calculated from the 2 mM Mg2+ condition. Errors are range of two-independent experiments (n = 2).
aFolding free energy for each sequence was estimated by RNAiFold.
bTm was estimated from the UV melting experiments.
cΔH values were calculated from the UV melting experiments.
dCPEB3 possesses 24 bp in total.
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Figure 6. In-line reactivity in J4/2 in designed RNAs suggests structural flexibility. (A) ILP on designed ribozymes and CPEB3 ribozyme. RNase T1 ladders
(G) and alkaline hydrolysis ladders (OH−) are denoted by ‘T1’ and ‘N’. DP is the pseudoknot-disrupted variant. (B) In-line reactivity in J4/2 relative to the
CPEB3 ribozyme. Errors are S.D. (n = 3). (C) Strongest cleavage sites. Close-up for the J4/2 loop (PDB ID: 3NKB). 2′-OH of the G76 (=A53 in designed
ribozyme) has high solvent accessibility. Magnesium ions are represented by the green spheres.

bozyme (52) (Figure 3B). These observations strongly sup-
port the conclusion that the self-cleaving mechanism of the
designed ribozymes coincide with the native HDV ribozyme
(i.e. the designed RNA have an ability to fold into the native-
like catalytic structure). Furthermore, our ILP experiment
supports the conclusion that these designed ribozymes can
form the double pseudoknot structure, as the cleavage pat-
terns of the RNAs were similar to those of the CPEB3 ri-
bozyme (Figure 6A). Domain mutation, ILP and rate-pH
profile analyses revealed that J4/2 is important to proto-
nate C75 in HDV ribozyme (Figures 6 and 7; Supplemen-
tary Figures S6, 8 and 9).

We propose a possible mechanism of the insufficient pro-
tonation of C52 in the designed ribozymes (Figure 8). In
the native HDV ribozyme, the general acid C75 is just 3.6 Å
away from the scissile phosphate of G1, while G76 is flipped
out to solvent side, and A77 interacts with A78 through �–
� stacking (closest distance between these two base is 3.2
Å) (29). Furthermore, the ribose-phosphate backbone of
A77–A78 nucleotides binds a magnesium ion (Figure 8A).
This unique secondary structure probably moves C75 up
into the catalytic cavity in the wild-type ribozyme, provid-
ing efficient protonation of the general acid. In contrast, in
the designed ribozymes, high ILP reactivity suggests that
A53, the counterpart of G76, is pushed out to the solvent
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Figure 7. Substitution of J4/2 in the designed CPEB3 ribozyme sequence significantly increases catalytic activity. (A) DHRz 2511 M1 in which J4/2
and portions of P2 and P4 sequences were substituted with sequences from the CPEB3 ribozyme. DHRz 2511 M2 in which P1 and P2 sequences were
substituted with sequences from the CPEB3 ribozyme. DHRz 2511 M3 in which P4 sequence was substituted with sequence from the CPEB3 ribozyme.
(B) Self-cleaving assay for the three domain substituted variants. (C) Scatter graph for the variants (M1: red, M2: blue and M3: gray). The same data for the
CPEB3 ribozyme and the unmodified DHRz 2511 in Figure 4 were plotted for this graph. Data were analyzed by single exponential curve fitting. Errors
are S.D. (n = 4). (D) Plot of kobs values. Relative activity (given at top of bars) was calculated relative to unmodified DHRz 2511. Errors are S.D. (n = 4).

side and might interact with a free Mg2+, which is located
nearby in J4/2 (29,57). The immediately adjacent general
acid C52 could move with A53, perturbing protonation of
the cytosine (Figure 8B). In the future, structural informa-
tion and/or sequence constraints in joining regions should
be taken into account in the structure descriptor, similar to
recently described (54), in order to design fully functional
ribozymes.

Sequence in the J4/2 in the positively designed ribozymes
is almost fixed to CAAA (C52: 100%, A53: 100%, A54:
∼85% and A55: 100%) even though we used a structure de-
scriptor where the J4/2 was allowed to be CRRA (Figure
2A and D), where ‘R’ is A or G. On the other hand, the

J4/2 sequences in the negatively designed ribozymes show
all four sequences (CAAA, CGAA, CAGA, and CGGA)
where the nucleotide probability of CAAA is C52: 100%,
A53: ∼70%, A54: ∼60% and A55: 100% (Supplementary
Figure S2b). Note that our calculation by RNAiFold was
limited to only 6 h, which did not provide sufficient time to
fully explore the sequence space; therefore, we cannot con-
clude that these sequences represent the full solution space
of sequences. However, it is clear that NED filtration led to
CAAA sequence in the positively designed ribozymes. Re-
jection of G is likely because Gs in position 53 and 54 of
J4/2 allow formation of base pairs to C20 and C21, which
violate the descriptor. Additionally, these spurious GC pairs
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Figure 8. Proposed model of weaker protonation of C52 in designed RNAs. (A) J4/2 in the HDV ribozyme illustrated based on the crystal structure (PDB
ID: 3NKB). Protonated C75+ acts as general acid. G76 is flipped out to solvent side, and A77 is stacked with A78 via �–� interaction. A magnesium ion
binds with the phosphates of both A77 and A78. (B) J4/2 in the designed RNAs is proposed to be structurally labile. C52 and A53 fluctuate in the catalytic
cavity, and the 2′OH of A53 is oriented to solvent side, which could lead this region to have high in-line reactive for A53 and insufficient protonation for
C52.

drive formation of a U19-A54 base pair, which also violates
the descriptor and increases the ensemble defect of the se-
quence. Hence, G’s in J4/2 were likely to be removed in our
selection of lowest NED sequences. To test this in detail,
we separated the CRRA constraint into four cases: CGGA,
CGAA, CAGA and CAAA. Then, we selected randomly a
subset of 1000 pseudoknot sequence constraints for each of
the four cases from the original 8192 total constraints used
originally. The results are shown in Supplementary Figure
S10. Sequences with CGGA in J4/2 have the highest NED
values (Supplementary Figure S10A) and sequences with
CAAA in J4/2 have the lowest NED values (Supplemen-
tary Figure S10D). As a control, we replaced GG in CGGA-
constrained sequences with AA and overall the NED values
decreased (Supplementary Figure S11).

In our study, we used an HDV ribozyme descriptor that
has a standard secondary structure, including a P4 stem.
However, HDV-like ribozymes can have diverse sequence
length and elements. For example, Riccitelli et al. (58) found
that genomic minimal HDV-like ribozymes lacking the P4
stem have a similar metal dependency as the full length
HDV ribozyme. The P4 stem is unlikely to interfere with
our computational design since it does not have any tertiary
interactions. Such minimal ribozymes, without extraneous
nucleotides, should be able to reduce calculation time in fu-
ture applications.

We have only one inactive sequence (DHRz 472) out of 12
positively designed ribozymes, and three active sequences
(DHRz 1571, 1767 and 671) out of 10 negatively designed
ribozymes. Although we have not clarified exact reasons
why these RNAs are inactive/active, we have some hypothe-
ses. For example, the DHRz 472 has two palindromic se-
quences in P1 and P2, and these palindromic regions possi-
bly allow it to form intermolecular dimer structure, which
diminishes the activity. Removing palindromes could be a
future filter. On the other hand, DHRz 671 has a relatively

high NED value (0.32) but has a low minimal free energy
of −34 kcal/mol (Supplementary File 1) and relatively high
PPV value (76.47%) in the negatively designed ribozymes.
Therefore, the DHRz 671 might be able to fold in the pre-
cise structure. We cannot rationally explain why the DHRz
1581 and 1767 have cleavage activity. To address these hy-
potheses, further investigations are necessary.

Our biochemical analyses allowed us to greatly improve
the rate in our designed ribozyme. The earlier work of Dotu
et. al. succeeded to computationally design type III ham-
merhead ribozyme (HH) using RNAiFold, where the ac-
tivity in the designed 10 HH sequences were tested, and
the observed cleavage rates were in a broad range from
0.0027 min−1 to 0.25 min−1 (20). The fastest HH, which
was just 10-fold less than wild-type HH, was selected with
the constraint of the cleavage site of GUC, based on pre-
vious work on the efficiency of cleavage sites. Furthermore,
they created a modular HH within a larger riboswitch struc-
ture, which showed a rate comparable to wild-type HH (20).
Thus, structural stability, as suggested by the work of Dotu
et al., as well as consideration of a junctions’ properties, as
suggested by our work, may be complementary ways to fa-
cilitate design of RNAs.

Natural RNAs appear to fold cooperatively (47,59). This
includes tRNAs and the natural CPEB3 ribozyme (Figure
5D). Gain of activity with J1/2 and J4/2 does not correlate
with gain in folding cooperativity, similar to what has been
seen in designed proteins (55). In the protein design study,
the authors suggested that there may be a feature of natural
selection that leads to folding cooperativity that is missing
in current computer design algorithms. This could be simi-
larly true for functional RNA. A goal for future studies is to
identify this missing feature and to implement it into design
algorithms in an effort to design cooperative folding RNAs.
Finally, our approach herein considered only RNA folding
thermodynamics. Co-transcriptional folding is known to be



Nucleic Acids Research, 2019, Vol. 47, No. 1 41

important in many RNA folding processes in vivo. Future
studies could use design algorithms to test whether such
pathways result in even better folders.

CONCLUSION

In this study, we established a method for designing a pseu-
doknotted HDV ribozyme. RNAiFold (13,43) generated
over 10 000 sequences based on the structure descriptor of
HDV ribozymes. To accomplish the design, the two pseu-
doknot interactions were disrupted for the calculation, and
all possible pseudoknot helices were systematically tested.
Then, ProbKnot (28) and Quadbase2 (45) filter out those
sequences that are not likely to fold into the precise struc-
ture or that potentially form G-quadruplex structure, re-
spectively. Further selection by NED value is necessary to
obtain positively/negatively designed ribozymes. Kinetics
and ILP experiments reveal that junctions are critical for
the catalysis and substitution of the junctions with native
ribozyme sequence dramatically improves catalytic activity.
This rational design is applicable to other pseudoknotted
functional RNAs such as riboswitches and self-cleaving ri-
bozymes.
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