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The engineering of nucleic acids has been a longstanding objec-
tive in research, with the field gaining significant attention follow-
ing the discovery of ribozymes in the early 1980s. Numerous
nucleic acid catalysts have been developed to catalyze a wide
range of reactions, and the structures of ribozymes have been
modified to allow allosteric regulation by an external cofactor.
All these constructs hold considerable promise for applications
in biosensors for medical and environmental diagnostics, as well
as in molecular tools for regulating cellular processes. In addition
to the development of nucleic acid enzymes through in vitro

selection, rational design offers a robust strategy for engineering
ribozymes with customized properties. The structures and mech-
anisms of numerous nucleic acid catalysts have been thoroughly
elucidated, making structural modulation a viable approach for
designing their functional properties. Rational design necessi-
tates the consideration of several parameters, and a range of tools
is available to guide sequence design. This review discusses
sequence, structural, and functional design, primarily using the
example of the hairpin ribozyme, to highlight the challenges
and opportunities of rational nucleic acid enzyme engineering.

1. Introduction

Over the past three decades, the development of nucleic acid
enzymes has emerged as a significant domain of research, with
potential applications in the fields of chemical and molecular
biology, as well as medical and environmental diagnostics.[1,2]

Nucleic acid catalysts, ribozymes and DNAzymes, are versatile
molecular tools, and their importance for the aforementioned
research domains has steadily increased in recent years.
Ribozyme applications in molecular biology range from simple
cleavage or ligation of a defined RNA target to the introduction
of sequence changes and/or modifications in the desired target
RNA and the regulation of gene expression in combination with
a suitable sensor module (e.g., an aptamer).[3–6] Two main strat-
egies are employed for nucleic acid enzyme engineering: The
first of these is in vitro evolution, which is based on the selection
of a nucleic acid molecule with the desired properties from a
library of random sequences. The second is rational design,
which starts from a known ribozyme and is based on structural
manipulation to affect the function in a predefined way. The for-
mer approach has facilitated the development of numerous
nucleic acid enzymes with novel activities, thereby expanding
the repertoire of nucleic acid catalysis.[7–9] In contrast, the latter
has focused more on exploiting the intrinsic catalytic properties
of ribozymes for novel developments, with a thorough under-
standing of structure and mechanism being of utmost impor-
tance. A substantial body of research has been dedicated to
the collection of data on the structure and mechanism of nucleic
acid enzymes.[4,10,11] This has led to a comprehensive under-
standing of RNA- and DNA-based catalysts, which have been
transformed into practical tools. Thus, in recent years, significant
advancements have been made based on the utilization of
established nucleic acid catalytic structures.[4,12] For instance,
ribozymes have been engineered to facilitate RNA circulariza-
tion[13,14] and several ribozymes and DNAzymes have been

designed to be regulated by allosteric cofactors or temperature,
and as such find application as tools in environmental and med-
ical diagnostics or even therapies.[1,2,5,12,15,16]

In our laboratory, over the past years, we have developed
hairpin ribozyme derivatives that support RNA processing, such
as recombination and splicing, repair, oligomerization, and
circularization.[17–24] Looking at such developed nucleic acid cat-
alysts, designed by us and others, it is impressing to see, how well
they perform in fulfilling their intended function. However, it is
noteworthy that achieving this level of performance typically
necessitates a substantial investment of time and effort. Even
when adapting a well-characterized ribozyme for a novel appli-
cation, numerous hurdles and challenges persist, including
sequence design, site specificity, structure design, and target
accessibility. Consequently, there is a clear need for comprehen-
sive guidelines to facilitate the design of novel ribozyme-based
applications, ensuring the attainment of a functional system. The
design process can be categorized into three primary compo-
nents. The initial component pertains to the sequence design,
the second addresses structural considerations necessary for a
specific application, and the third component, functional design,
is instrumental in the identification of novel activities.

In this review article, the focus will be on naturally occurring
small self-cleaving ribozymes as the starting point for the design.
In particular, the engineering of hairpin ribozyme variants will be
discussed, as the hairpin ribozyme is a well-studied small catalytic
RNA that has been used in our laboratory for a number of engi-
neering projects.

2. Small Self-Cleaving Ribozymes

2.1. General Mechanism

Since the discovery of the hammerhead ribozyme as the first
small self-cleaving ribozyme in 1986,[25] a plethora of other ribo-
zymes with self-cleaving activity have been identified and
described. These ribozymes are predominantly found in or asso-
ciated with viral RNA, or in highly conserved and rather ancient
regions of bacterial and eukaryotic, even human RNA, where they
serve as functional elements in RNA self-processing.[4]

Despite the considerable variation in the structures and cata-
lytic strategies of the various small self-cleaving ribozymes that
have been characterized to date, the underlying mechanism
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remains the same. In their natural environment, these ribozymes
facilitate the reversible cleavage of an RNA strand in cis (i.e., the
same RNA strand). However, they can also be engineered to act as
true catalysts to cleave or ligate a substrate strand in trans. Either
way, the ribozymes facilitate a transesterification reaction by gen-
eral acid–base catalysis (Figure 1), with either a nucleobase
within the ribozyme structure, hydrated magnesium ions, or
external cofactors playing the role of general acid or base.[4,26]

The general base deprotonates the 2 0-OH group, thereby activat-
ing the oxygen for nucleophilic attack on the adjacent phospho-
rus, resulting in the formation of a trigonal bipyramidal
intermediate. The 5 0-OH is then protonated by a general acid,
resulting in a good leaving group. Upon cleavage, the typical
products are released, one fragment with a free 5 0-OH group
and the other with a 2 0,3 0-cyclic phosphate. Ligation proceeds
along the same pathway in the opposite direction, resulting in
the rejoining of two fragments with the aforementioned end
functionalities (5'-OH and 2 0, 3 0-cyclic phosphate).[27]

The majority of these ribozymes are dependent on magne-
sium ions for optimal functionality. The primary function of
Mg2þ is to facilitate the appropriate folding of the ribozyme into
its active tertiary structure by counteracting the negative charge
of the phosphate backbone.[28–30] However, as mentioned above,
the hydrated magnesium ions can also act as a general acid or

base, directly contributing to the catalytic mechanism, or as a
Lewis acid, interacting with specific residues in the catalytic core
and thus stabilizing products or intermediates of the reaction.[28]

2.2. The Hairpin Ribozyme

The hairpin ribozyme (HPR) was discovered in the negative strand
of tobacco ringspot virus satellite RNA, where it plays a critical
role in processing intermediates of rolling circle replication.[31]

Since then, the HPR has been the subject of extensive research,
leading to the development of various modified versions for opti-
mized performance in a range of applications. The crystal struc-
tures of several variants have been solved,[32,33] and the sequence
and structural requirements for proper catalytic performance
have been thoroughly studied.[34]

The wild-type HPR forms a four-way junction (FWJ) with four
partially double-stranded arms.[35] However, the minimally func-
tional HPR consists of only two of these arms connected by a
hinge region, resulting in a two-way junction structure. The
two arms each consist of two helical regions interrupted by a loop
(Figure 2A). The cleavage site is located in loop A between the
guanosine at position þ1 (Gþ1) and the upstream base (B�1)
within the consensus sequence N*GUC.[36] For the rational design
of the HPR, some sequence constraints must be taken into

Figure 1. General mechanism of small self-cleaving ribozymes, according to the principle of general acid-base catalysis. General acid (A) and base (B).
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account.[37,38] While the sequence of the helical regions exhibits
significant variability, nucleobases in loops A and B are strongly
conserved (Figure 2B). It is important to note that for proper
folding and activity, helix 1 should span a minimum of four base
pairs, while helix 2 is required to have a precise length of four
base pairs.[39] The high conservation of the two loops is due to
their important role in folding the HPR into its catalytically active
structure and formation of the catalytic core. The interaction of
bases in the loops, particularly through a ribose zipper and an
interdomain Watson–Crick base pair, results in the close prox-
imity of the loops, a process referred to as docking.[40] This leads
to a bent conformation of the ribozyme (Figure 3).[41] Cleavage
and ligation of the HPR occurs from the docked state, while
binding/dissociation of the substrates/products is only possible
from an extended state, requiring the ribozyme to dynamically

transit between the docked and extended conformation.[42]

Ligation requires a stable docked state, whereas cleavage can
also occur from a transiently docked conformation. If the life-
time of the docked state is too short, dissociation of the sub-
strates is likely to occur too rapidly for productive ligation.
Therefore, ligation of two strands is enhanced by structural ele-
ments or environmental conditions that stabilize the docked
state.[43] The rates of hairpin ribozyme cleavage and ligation
are strongly pH dependent, consistent with proton transfer
occurring in the transition state.[44,45] Typically, observed cleav-
age rates are in the area of 0.1–1 min�1, dependent on the spe-
cific ribozyme structure and conditions, whereas corresponding
ligation rates are about 10- to 30-fold higher.[39,41] Strikingly, an
internal equilibrium constant between cleavage and ligation
Kint= Klig/Kcleav of 34 was determined, showing that reaction
is substantially biased toward ligation.[45]

As mentioned above, the docked state is stabilized by ter-
tiary interactions within the folded structure. Additional stabili-
zation can result from the specific junction structure organizing
two (minimal motif ), three, or four arms (Figure 2C). In its natural
context, the hairpin ribozyme is embedded into a FWJ, which
assists folding in the docked structure with close contact
between loops A and B. On the opposite, in the minimal
two-way junction HPR, the contribution of the junction (which
is rather a hinge) is virtually zero. In between is a three-way junc-
tion (TWJ) structure, which by the additional arm and a short
bulge at the appropriate position helps fold and stabilize the
docked state.[46,47] However, careful design of the sequence
around the junction and of the bulge is of utmost importance
to achieve the intended structural effects. This has been well
considered in our designs. Like all small self-cleaving ribozymes,
the HPR requires magnesium ions for activity. However, for the
HPR, magnesium ions are not integral to the catalytic mecha-
nism per se. Here the metal ions function as a charge buffer,
neutralizing the negative charges of the ribozyme phosphate
backbone and enabling proper folding. Thus, functional HPR
catalysis can occur in the absence of magnesium ions under var-
ious conditions.[46,48–50] As the strengths of docking increases
with the number of arms involved in the junction, FWJ HPRs
show higher activity and are active at lower magnesium ion con-
centrations than TWJ HPRs or the minimal two-way junction
motif.[47,51] As a consequence, FWJ HPRs tend to promote liga-
tion, while the equilibrium shifts toward cleavage as the number
of junction arms decreases (Figure 2C).

Figure 2. Structural variants of the hairpin ribozyme. A) General structure
of a TWJ hairpin ribozyme with loops A and B and helices (H) 1–4. Minimal
motif highlighted in gray. The substrate strand is indicated in orange, and
the HPR strand in black. The cleavage site is indicated by a black arrow.
B) Consensus sequence of the minimal HPR. Orange: highly conserved
nucleotides; blue: semi-conserved nucleotides. The ribose zipper is indi-
cated by dashed lines, the cleavage site is indicated by a black arrow.
C) The HPR as minimal motif (two-way junction), TWJ, and FWJ (left to
right).

Figure 3. Conformational changes of the HPR during the reaction cycle. Note, substrate/product binding and release can occur only from the extended
state, while reaction proceeds only from the docked state.
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2.3. The Hammerhead Ribozyme

The hammerhead ribozyme (HHR) was the first small self-cleaving
ribozyme to be discovered, and as such, it has been the focus of
significant research.[52] It has been found in satellite RNAs of plant
viruses and plant viroids.[53] Like the HPR, it plays a functional role
in the life cycle of these RNAs during rolling circle replication. The
HHR structure has been determined by crystallography and con-
sists of a junction region with three helices/stems, with helix 2 as
an open or hairpin stem structure (Figure 4).[54] G8 and G12 in the
catalytic strand are required for catalytic activity and are therefore
highly conserved (Figure 4B), while the sequence of the helical
regions is variable.[55] The cleavage site is located in the junction
region between stems I and III within the sequence UC*N. Tertiary
interactions between stems I and II are crucial for optimal activ-
ity.[56] These interactions are facilitated by a loop–loop interaction
between stems I and II in the full-length HHR (Figure 4D).[57]

However, the minimal motif lacks the loops in stem I and II, result-
ing in the absence of this interaction in the minimal structure.
Nonetheless, as the tertiary contact is not essential for activity,
the minimal HHR is still able to cleave its substrate, but has a
much lower turnover rate and is also dependent on higher con-
centrations of magnesium ions than the wild type.[58,59]

Ligation activity has been measured for a few hammerhead
ribozymes, but in all cases, it was rather poor. The rate constant

of ligation is on average 0.01min�1, while the rate constant for
cleavage is about 1min�1.[60–62] It has been proposed that the
strong preference for the cleavage reaction is caused by the flexi-
bility of the complex of the hammerhead ribozyme with two
ligation substrates, which provides an entropic advantage for
cleavage.[60] The design of conformationally restricted, more rigid
hammerhead ribozymes resulted in increased ligation activity,[63–65]

which however, was still not high enough to motivate the practical
use of the hammerhead ribozyme for ligation. As a result, hammer-
head ribozymes have been used primarily for RNA cleavage.

At the example of the hammerhead ribozyme, it has been
demonstrated recently that the evolutionary trajectory of each
nucleotide in the catalytic core directly correlates with their func-
tional importance, potentially giving researchers a novel method
to assess the sequence requirements of functional nucleic acids.[66]

2.4. Other Small Self-Cleaving Ribozymes

Despite the fact that other small self-cleaving ribozymes have
received comparatively less consideration in the context of rational
engineering, it is important to note that HPR or HHR may not be
optimal for specific applications, thus necessitating the consider-
ation of alternative catalysts. The overarching principles and guide-
lines for rational engineering outlined herein can be adapted to
accommodate other small ribozymes, with the same aim of engi-
neering a specific function into existing catalytic RNAs. This includes
the Twister, Twister Sister, Pistol, Hatchet, Hepatitis Delta Virus
(HDV), and Varkud Satellite (VS) ribozymes. The structures and
mechanisms of these ribozymes have been extensively reviewed.[4]

For further information, we refer to the online platform
Ribocentre (https://www.ribocentre.org/), where comprehensive
information on all natural ribozymes can be found.

2.5. Manipulation of Functionality by Reaction Conditions.

Ribozyme activity is dependent on intrinsic properties, such as
sequence and structure, as well as on external factors including
the experimental setup and reaction conditions. Thus, the cata-
lytic efficiency and the internal cleavage-ligation equilibrium of
the ribozyme are influenced by several factors, including the
ratio of ribozyme to substrate(s), the temperature, the concen-
tration and species of available metal ions, and the presence and
amount of additives, that is, crowding agents. To explain how
these parameters influence the activity of ribozymes we here
focus on the hairpin ribozyme, as it is the sole small self-cleaving
ribozyme for which substantial ligation activity has been docu-
mented so far.

2.5.1. Ribozyme–Substrate Ratio

The outcome of a ribozyme-catalyzed reaction is dependent on
the ratios of the ribozyme and the substrate species involved, not
only in terms of differences in reaction kinetics, but also regarding
the qualitative result of more complex reaction scenarios. For
instance, in the context of a recombination reaction (see
Chapter 4), utilizing an excess of one substrate over another

Figure 4. Structural variants of the hammerhead ribozyme (HHR).
A) General structure of HHR with stems/helices (H) 1–3. The minimal motif
is highlighted in gray. The substrate strand is indicated in orange, and the
HPR strand in black. The cleavage site is indicated by a black arrow.
B) Consensus sequence of the minimal HHR. Orange: highly conserved
nucleotides. The cleavage site is indicated by a black arrow. C) HHR var-
iants with open or closed stems. D) Structure of the wild-type HHR with an
additional loop in H1 and folding supported by loop–loop interaction. The
cleavage site is indicated by a black arrow.
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would enhance the probability of this fragment competing suc-
cessfully with the other for ribozyme binding, thereby promoting
its cleavage or ligation. In a different scenario, the substrate(s)
themselves can act as oligonucleotide effectors (see also
Chapter 5.1) to induce different catalytic folds of an RNA.
Depending on the substrate concentration and ratio as well as
the substrate-ribozyme ratio, the one or the other fold can be
preferred, and with that also the preference for cleavage or liga-
tion is determined.

2.5.2. Temperature

Due to their natural origin, ribozymes exhibit optimal activity at
37 °C. However, they are also capable of functioning at slightly
lower or higher temperatures. The primary consideration is
that the catalytically competent conformation remains intact
(requiring a temperature that is not excessively high), and the
necessary conformational dynamics are maintained (requiring
a temperature that is not excessively low). The temperature
regime also influences the preference for cleavage or ligation.
As mentioned previously, HPR ligation requires a stable docked
conformation, whereas cleavage can occur from a transiently
docked state.[42,43] Accordingly, ligation is favored at lower tem-
peratures, while cleavage is preferred at higher temperatures.
Hence, HPR cleavage reactions typically proceed at 37 °C, while
ligation protocols often involve lowering the temperature to
≈20 °C,[18] in some cases even below 0 °C.[50,67,68]

2.5.3. Metal Ions

The availability of metal ions (typically magnesium) is pivotal for
RNA folding and, consequently, catalytic activity. Thus, it is feasi-
ble to regulate ribozymes by modulating the concentration of
these ions. Under appropriate conditions, ribozyme catalysis
can occur in the absence of magnesium ions.[46,48–50] Studies
on the dependence of ribozyme activity on metal ions revealed
that Mg2þ can be substituted by alternative metal ions, including
rather unconventional candidates such as transition metals,
resulting in enhanced activity.[69] It is important to consider that
the in vivo environment typically exhibits a magnesium ion con-
centration that is approximately tenfold lower than the levels nor-
mally used in standard in vitro functionality assays. The
physiological magnesium ion concentration is ≈1mM, whereas
ribozyme reactions in vitro are typically performed at around
10mM or even higher concentrations, depending on the specific
ribozyme. In addition, as previously stated, the minimal motifs of
ribozymes exhibit a greater dependence on magnesium ions
compared to their wild-type counterparts within a more complex
structural environment. The absence of stabilizing interactions or
structural elements in minimal motifs can be, at least partially,
compensated by elevated magnesium ion concentrations.

2.5.4. Crowding Agents

It has been demonstrated that some compounds have the capac-
ity to densify the environment of the ribozyme, thereby

mimicking a cellular setup in which all reaction components
are more closely packed than in a setup where free diffusion
is possible.[70] This effect is known as molecular crowding.
Polymers with a high molecular weight, such as polyethylene gly-
col (PEG) or polypeptides, as well as smaller compounds, includ-
ing amino acids and nucleotides, have been shown to facilitate
this crowding effect. It has been demonstrated that molecular
crowding can promote the correct folding of ribozymes, even
under conditions that would otherwise lead to a decrease or com-
plete inhibition of activity.[43] Additionally, it has been observed
that the poor ligation activity of ribozymes at low magnesium ion
concentrations or under denaturing conditions can be restored
by molecular crowding agents, including amino acids and
nucleotides.[71]

3. Rational Engineering of Ribozymes

3.1. General Aspects/Rules

In the field of ribozyme engineering, two general approaches are
commonly employed. The forward approach finds application
when a specific partition of a target sequence to be modified
is known. Conversely, when a sequence is required that assumes
a particular secondary structure, yet there are no specific
sequence restrictions, the inverse approach is utilized.
However, in practice, a combination of both approaches is often
employed due to the presence of sequence patches that are
restricted to specific nucleotides and components of random
sequence. In the process of designing a ribozyme with a specific
application in mind, two fundamental aspects must be taken into
consideration: the sequence and the structure. Given the interde-
pendence of RNA secondary and tertiary structure on the length
and sequence of the constituent strands, these two aspects can-
not be examined independently. To ensure a successful design, it
is crucial to carefully examine and investigate base-pairing,
non-canonical interactions, tertiary contacts, and alternative folds
or binding potentials. When designing a ribozyme, it's crucial to
keep the catalytic center intact. Accordingly, the substrate strands
must contain the highly conserved nucleotides that are essential
for catalysis or maintaining the active fold. For the HPR, the sub-
strate sequence requirements are N*GUC, and for the HHR, XC*N
at the cleavage site. Furthermore, nucleotides involved in specific
tertiary interactions and in the formation of the catalytic center
need to be preserved (Figure 2 and 4). Changes to the sequence
in the helical regions are more likely to be tolerated without dis-
turbing the activity, as long as base pairing is retained.[22,72]

The minimal sequence and structure of the ribozyme are the
starting point for modification to achieve the desired function-
ality. After careful engineering of the core sequence, structural
parameters are taken into account. For the HPR, the equilibrium
between cleavage and ligation can be adjusted by changing the
lengths of the substrate binding arms and thus of the helix
lengths, with longer helices being advantageous for ligation.
On the opposite, the insertion of mismatches or bulges has been
shown to result in the destabilization of substrate/product bind-
ing, thereby favoring cleavage.[17,73,74] It is evident that longer
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helical regions facilitate enhanced substrate specificity in terms
of recognizing a desired target sequence. Consequently, the
trade-off between specificity and diffusion likelihood emerges
as a critical consideration, particularly when multiple turnover
is desired. This principle finds application in the context of
ribozyme-mediated recombination of two substrate strands,
as discussed in Chapter 4. If the binding of the recombination
product to the ribozyme is too strong, it cannot be replaced by a
new substrate strand, and the ribozyme can perform only one
recombination reaction. Additionally, if the recombination prod-
uct remains bound to the still-active ribozyme, it is even possible
that it is cleaved again.

The selection of a particular junction structure, such as a mini-
mal motif, a TWJ, or an FWJ, has been demonstrated to influence
the cleavage or ligation preference.[75] This is attributed to the
nature of the junction affecting the stability of the docked com-
plex and, consequently, the ligation activity of the HPR. We have
used these considerations in the past in a number of HPR
designs.[6,19–21,76] A study that combined computational modeling
and FRET (Förster resonance energy transfer) experiments to
investigate the junction region of the HPR revealed how the
topology of that region affects the folding stability of the ribo-
zyme. The study showed that adding a short, single-stranded
linker between helices 3 and 5 of a TWJ-HPR could improve
how efficient it is at docking and, as a result, how active the ribo-
zyme is. The results also show the benefits of using models to
design ribozymes, in this case the TOPRNA software for predict-
ing junction topologies.[77]

Subsequent to the completion of the initial draft of the
sequence of ribozyme and substrate(s), a secondary structure
check should be conducted to ascertain the correct folding of
the substrate-ribozyme complex and the precise binding location
and orientation of the substrates. To facilitate this process, several
algorithms are available (see below) that can predict RNA second-
ary structure. It is important to acknowledge that the outputs of
these algorithms are probabilities, and as such, the results are not
entirely accurate. However, they can serve as a valuable guideline
for the design of the sequence.

3.2. Software Aided Design

As mentioned earlier, there are two different approaches to engi-
neering RNA sequences (in our work particularly ribozymes). The
forward approach uses a known sequence to predict the struc-
ture. The inverse approach starts from the desired secondary
structure to find a sequence that fits that structure. There are
now a large number of algorithms available for both approaches
(Table 1).

For ribozyme design, the forward approach is usually more
useful, because of the conserved parts of the sequence that need
to be precisely defined. However, the inverse approach is also
applicable for a first sequence design for highly variable regions.

Once a first sequence design is in place, structure prediction
algorithms (forward approach) can be used to check that the fold-
ing of the whole sequence (ribozyme and substrate together) is
as desired. If the predicted structure deviates from the correct

fold, mutations can be introduced or the length of helical regions
can be changed. In this way, after each change is made, the struc-
ture should be predicted again. This should be done iteratively
until the sequence leads to a predicted structure that matches
the desired fold. In all these steps, it is also important to ensure
that the desired substrate binds to the ribozyme in the correct
position and orientation. The ribozyme and substrate strands
should also be examined independently to check for alternative
undesired interactions, such as self-duplexing of the ribozyme or
substrate strands.

A number of different algorithms are available for both for-
ward and inverse approach, and new ones are being developed
and refined. It is often possible to access these applications
directly from a web server without having to install them on
a computer. A selection of commonly used programs is listed
in Table 1.

For example, we used the NUPACK software to design a self-
splicing hairpin ribozyme (see Section 4.2).[20] Specifically, the
NUPACK design was used in an inverse approach to calculate oli-
gonucleotide sequences that are forced to fold into more than
one defined secondary structure. We created a short script to
compute a set of RNA sequences that fit our defined rules for
a self-splicing hairpin ribozyme. The best variant performed as
well as a corresponding hairpin ribozyme variant designed by
hand, although the design process using NUPACK was much
faster and more straightforward.

Another example of the successful application of the
inverse approach to ribozyme design was recently published
by Perreault et al.[78] Using the inverse folding program
“Enzymer,” the authors were able to generate functional ham-
merhead and glmS ribozymes containing a pseudoknot. This
pseudoknot was desired to stabilize ribozyme folding and thus
increase the activity. The conserved parts of the sequence were
set as invariable seed regions, while all other nucleotides were

Table 1. Comparison of forward and inverse approach algorithms for RNA
structure prediction.

Name Web
application/

server

Software
installation

required (X) or
optional (O)

Forward
approach

RNAfold X –

RNAstructure X O

Mfold/UNAFold X –

NUPACK X –

TOPRNA – X

Inverse
approach

RNAifold X –

MODENA – X

NUPACK X –

antaRNA X –

RNAinverse X –

Enzymer – X

RNA Designer X –

GHOST-NOT/GHOST-YES – X

Ribosoft X –
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left variable. The proposed pseudoknot ribozymes generated by
the program were then experimentally investigated, and most
of them were found to be active. Although the activity was not
as high as for other published ribozymes, this study still serves
as a proof of principle for the use of inverse folding algorithms in
ribozyme design.

In a separate study, Penchovsky and coworkers employed
algorithms to engineer ribozymes that can be activated or deac-
tivated by the binding of an external oligonucleotide (for ribo-
zymes with external effectors, see Chapter 5).[79] To this end,
the authors developed two programs, GHOST-YES and GHOST-
NOT (Generator for High-speed Oligonucleotide Sensing
Allosteric Ribozymes). These programs utilize the extended ver-
sion of the hammerhead ribozyme to generate ribozymes capa-
ble of being switched on or off, according to the user's
preference, through the binding of an external oligonucleotide.
To achieve this, a randomized oligonucleotide binding site (OBS)
was incorporated into the HHR sequence. The GHOST-NOT algo-
rithm facilitates the generation of HHRs that fold into the
OFF-state upon oligonucleotide binding to the OBS within the
ribozyme. Conversely, the GHOST-YES algorithm generates ribo-
zymes that fold into the active conformation (ON-state) in the
presence of the oligonucleotide. The two programs are capable
of generating a set number of HHRs with varying OBS sequences
and predicting the structures of the ribozymes in the presence
and absence of their oligonucleotide effector. In contrast to
the in vitro selection of ribozymes for a specific application,
the in silico approach using the GHOST algorithms for generating
customized ribozymes offers several advantages, including its
speed, ease, and reduced labor intensity. Experimental investiga-
tion has revealed that the predicted ribozymes exhibit high cleav-
age rates in response to the presence or absence of their
respective effector molecule, suggesting the potential application
of the GHOST algorithms for the design of high-speed allosteric
ribozymes for diagnostic or therapeutic purposes.[79]

In addition to the predicted secondary structure of ribozymes,
examining the tertiary structure is also useful for further investi-
gation of correct folding. The webserver RNAComposer can gen-
erate a 3D model of a ribozyme based on the calculated
secondary structure.[80] This model can be aligned and compared
to the crystal structures of characterized ribozymes deposited in
the Protein Data Bank. It is important to note that all of the afore-
mentioned computer-aided approaches to rational design are
predictions and will never be one hundred percent exact.
In silico modeling of algorithms is inherently limited in its capac-
ity to mimic the complexity of in vitro and in vivo systems,
because it cannot account for the numerous parameters that
are prevalent in biological systems and that influence RNA struc-
ture. Consequently, while computational predictions can serve as
a guide during the design process, their validity must be substan-
tiated through experimental validation.

RNA secondary structure prediction remains a challenging
endeavor, and over the past decade, modern tools implement-
ing deep learning techniques for RNA structure prediction have
led to tremendous progress in this field, resulting in significant
improvements in prediction accuracy. Although deep learning-
based approaches offer numerous advantages over traditional

prediction approaches, strong efforts are still needed to over-
come the challenges and inherent limitations of deep learning
techniques.[81,82]

4. Engineered HPR Variants for Splicing and
Recombination.

4.1. Recombination

It is evident that the two fundamental reactions of small self-
cleaving ribozymes—cleavage and ligation—can be leveraged
to engineer these ribozymes for expanded functionalities. With
our interest in mimicking RNA-supported reactions in early life
(RNA world), we were particularly interested in ribozyme design
for RNA recombination and splicing.[18–21]

The hairpin ribozyme, being well-suited for this purpose, is a
particularly advantageous starting point due to its ability to sup-
port RNA cleavage and ligation, the two essential reactions for
recombination scenarios, with virtually equal efficiency. As dis-
cussed above, the relative preference for the one or the other
reaction is determined by the stability of the ribozyme-substrate
complex, enabling the directed modulation of ribozyme function
through structural manipulation. The protocol for HPR based
recombination involves the cleavage of an RNA substrate, yield-
ing two cleavage products: one with a 5 0-OH group and the other
with a 2 0,3 0-cyclic phosphate. In the specific design, the 5 0-OH-
carrying substrate is rapidly released due to its relatively loose
binding to the ribozyme. Conversely, the fragment bearing the
2 0,3 0-cyclic phosphate remains bound to the ribozyme, serving
as the substrate for the subsequent ligation of an added ligation
fragment. Due to its extended length, this fragment forms more
base pairs with the ribozyme and becomes ligated, thus yielding
the recombination product (Figure 5). This assay has been
developed in our laboratory as a tool for the preparation of
long-modified RNAs by fragment ligation (unpublished) as an
alternative to classical scenarios of RNA ligation by RNA ligases.

In a different setup, we have demonstrated that HPR-mediated
recombination can be used to generate RNAs with new function-
ality.[18] This concept involved a hairpin ribozyme variant that is
capable of binding two different RNA molecules to be cleaved
and ligated in recombined order, and by doing so to produce
a hammerhead ribozyme as recombination product (Figure 6).
Consequently, in addition to the monitoring of reactions by frag-
ment length analysis, the occurrence of successful recombination
could be confirmed by employing the recombination product in a
functional assay. Each of the two substrate strands provided con-
sists of a nonfunctional and a profunctional sequence component.
Subsequent to cleavage by the HPR, the nonfunctional parts are
released from the HPR. The profunctional parts are designed in
such a way that they are likely to rebind to the HPR to be ligated,
resulting in the recombined RNA strand. The formed product itself
is now an active hammerhead ribozyme able to cleave a compat-
ible hammerhead substrate. In the initial recombination assays,
the final product, that is, the hammerhead ribozyme, was
obtained with only 2–9% yield. However, through extensive

ChemBioChem 2025, 26, e202500213 (8 of 19) © 2025 The Author(s). ChemBioChem published by Wiley-VCH GmbH

ChemBioChem
Review
doi.org/10.1002/cbic.202500213

http://doi.org/10.1002/cbic.202500213


optimization of the experimental setup and reaction conditions
(temperature, magnesium ion concentration, fragment-ribozyme
ratios), yields of up to 76% were achieved (Figure 6).[18]

A similar design approach was employed for the generation
of a functional aptazyme consisting of a hammerhead ribozyme
unit and a theophylline or FMN aptamer unit.[19] An HPR variant
designed for the purpose of recombination was shown to be
capable of cleaving two different RNA molecules, one containing
the aptamer part and the other the hammerhead ribozyme part
(Figure 7). The resulting fragments were subsequently recom-
bined and ligated to a hammerhead ribozyme that is allosterically
controlled by a cognate ligand. Two such recombination pro-
cesses involving aptamers for either theophylline or flavine
mononucleotide (FMN) were demonstrated, yielding functional
recombination products with up to 34% efficiency. Hairpin
ribozyme-mediated recombination has also been used to facili-
tate the assembly of RNA polymerase ribozymes[50] and other
long RNA molecules.[83]

4.2. Twin Ribozymes

One of the first projects in which we exploited the characteristic
cleavage/ligation behavior of the hairpin ribozyme was the engi-
neering of twin ribozymes to mediate an RNA fragment exchange
reaction.[17] In this process, a predefined section of a suitable RNA
substrate is cut out and replaced by an externally added oligo-
nucleotide. Two cleavage events and two ligations must occur in
a strictly controlled manner. Twin ribozymes are derived from the
hairpin ribozyme by tandem duplication (Figure 8), so that two
cleavage/ligation sites are generated upon binding of a suitable
substrate. The basic principle of twin ribozyme action is that
cleavage occurs at the two predetermined sites, producing a cen-
tral fragment that can be easily dissociated from the ribozyme
due to a destabilizing element such as a loop or mismatch.
The two RNA fragments flanking the cleavage sites form contig-
uous duplexes with the ribozyme binding arms and thus remain
preferentially bound to the ribozyme. The added oligonucleotide

to be exchanged is designed to bind tightly to the gap left by the
dissociation of the cleaved fragment, which, together with a mod-
erate molar excess of this oligonucleotide, favors ligation and
product formation (Figure 9). Over the years, we have experimen-
tally validated this in a number of scenarios where, depending on
the specific design of the twin ribozyme-substrate complex, frag-
ments of equal length were exchanged[73] or a shorter patch was
replaced by a longer one[17,22,73,84,85] and vice versa.[74] Thus, the
described scheme mimics the repair of short deletions, insertions,
and base substitutions with up to 53% yield.[84]

Ribozyme-mediated ligation by recombination is also a useful
method for producing longer RNAs carrying site-specific modifi-
cations. We have shown in the past that twin ribozymes also sup-
port fragment exchange with site-specifically modified/
functionalized oligonucleotides, providing an elegant approach
to introduce internal modifications into large RNAs.[73]

4.3. Splicing

Another scenario where a combination of RNA cleavage and liga-
tion is required in a scheme of subsequent reactions is RNA splic-
ing. In biological systems today, splicing is facilitated by either
group I and group II self-splicing introns or by the spliceosome,
all three of which are ribozymes that support transesterification
reactions, but are quite large and complex.[86–88] In the case of the
spliceosome, even proteins are required for structural stabiliza-
tion and regulation.

We have recently shown that much smaller ribozymes, such
as the hairpin ribozyme, are able to splice an intron between two
exons, resulting in the two ligated exons and the release of the
intron.[20,21] To mimic the exon-intron-exon constellation of an
mRNA to be spliced, the substrate strand of the HPR was
designed to contain two HPR-specific cleavage sites. The sub-
strate is cleaved sequentially at these two sites, releasing the
sequence patch between them as an intron, after which the
two exons can be ligated. To facilitate the process described with
only one HPR, the overall structure of the ribozyme with its

Figure 5. Principle of HPR-based RNA recombination. The cleavage site is indicated by a black arrow.
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substrate must be able to adopt two alternative folds, each of
which directs one of the two cleavage sites to the correct posi-
tion. After the first cleavage, the ribozyme refolds into the alter-
native conformation so that the second cleavage can take place.
After the release of the intron, the two exons carry the function-
alities required for ligation at their ends and can be ligated by the
ribozyme (Figure 10).

It is important for the success of the splicing reaction that,
firstly, the intron sequence is easily released from the HPR to pre-
vent religation to the exons and, secondly, that the complex is
able to fold into a sufficiently stable conformation after release
of the intron to allow ligation. The potential folding of all reaction
intermediates must therefore be carefully investigated. In one
scenario, we have designed a hairpin ribozyme-derived

spliceozyme that mediates two RNA cleavages and a ligation
event at specific positions, thereby excising a segment (intron)
from the parent RNA and ligating the remaining fragments
(exons). The excised intron then performs a downstream function,
acting as a positive regulator of the activity of a bipartite DNA
enzyme. To control the splicing reaction, the spliceozyme was
assembled from two RNA strands: one containing the exons
and the intron, and the other containing essential parts of the
functional sequence necessary to reconstitute the complete ribo-
zyme structure (supporting factor, black in Figure 10). Splicing
was successful, as confirmed by fragment length analysis and
in a downstream functional assay, as mentioned above, based
on the presence of the excised intron as a positive regulator
of the activity of a DNA enzyme.[21]

Figure 6. Reaction scheme of HPR based recombination to yield a functional hammerhead ribozyme. Conserved nucleotides of the HHR are marked in
gray. The HHR substrate is marked in orange. Adapted with permission.[18]
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In a parallel effort, we have developed another RNA splicing
scenario based on the hairpin ribozyme as shown in Figure 11[20]

Similar to the above system, the ribozyme is able to adopt two
alternative conformations, in which one of two possible cleavage
sites can be cleaved. However, unlike the system described
above, the activity is not located in the exonic regions, but
the intron itself is the catalytic unit, analogous to the naturally
self-splicing introns. After the first cleavage in one of the two
possible conformations, one of the two exons is released.
The HPR can then refold into the other conformation, allowing
the second cleavage to take place. After the two cleavage
events and release of products, the catalytic intron is available
for exon rebinding and ligation, completing the splicing
process. In a competing scenario, however, the intron can refold
to bring its termini, which carry the necessary functionalities

(5 0-OH and 2 0,3 0-cyclic phosphate), into the catalytic center
and support intramolecular ligation. This competitive reaction
would lead to circularization. In the original experimental setup,
we had split the ribozyme strand into two parts by removing the
hairpin loop at the bottom of the ribozyme, as in the example
described above, in order to be able to control the reaction.
Therefore, in the practical experiment, the intron ligation resulted
in a linear product.

4.4. Circularization

The generation and function of circular RNA (circRNA) in nature
have been the focus of intensive research over the past two dec-
ades. In biological systems, circRNAs are formed via an alternative
process to regular splicing, called back-splicing. Rather than

Figure 7. Reaction scheme of HPR-based recombination to yield a functional aptazyme consisting of a HHR unit and a theophylline or FMN aptamer unit.
HPR cleavage of the profunctional aptamer sequence is shown on the left side, and HPR cleavage of the profunctional HHR sequence is on the right.
Conserved sequence parts of the HHR are marked in red. Essential sequence parts for the formation of the aptamer are marked in gray. The HHR substrate
is marked in turquoise. The cognate ligand, theophylline or FMN, is represented by an orange circle. Adapted with permission.[19]
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joining an upstream 5 0 splice site to a downstream 3 0 splice site, a
downstream 5 0 splice site is ligated to an upstream 3 0 splice site,
resulting in a circular RNA.[89]

Building upon the finding of our splicing designs, we have
developed novel RNAs that undergo a splicing reaction, but pref-
erentially form a circular structure through intramolecular ligation
of the intron rather than exon ligation.[23,24,90] The design principle
is analogous to the approach described above for the regular self-
splicing HPR. As with the previous design, two cleavage sites
must be incorporated and the HPR should fold into two alterna-
tive conformations, each capable of cleaving one of the two
cleavage sites. Subsequent to the first cleavage, the ribozyme
undergoes a refolding process, enabling the subsequent occur-
rence of the second cleavage. The resultant free ends of the
intron are then ligated to form a circular RNA (Figure 11).
Notably, this RNA retains the active HPR sequence. Therefore,
a notable disadvantage of this approach is the relative instability
of the circular products attributable to their intrinsic self-cleavage
activity.

An effective circularization strategy that yields more stable
circular products has been developed by Jaffrey and
colleagues.[91] This strategy, termed the “Tornado” system
(twister-optimized RNA for durable overexpression) is also sup-
ported by ribozymes. However, the final circularization relies on
the activity of a protein enzyme, the RtcB ligase. The system has
been implemented for the production of circular RNA aptamers,
but in principle could be used for any desired RNA sequence
of interest. In the Tornado system, the RNA sequence to be
circularized is flanked by engineered twister ribozymes. After
transcription of the entire RNA, the incorporated ribozymes per-
form their specific cleavage reaction. The results of this reaction
are the two twister fragments separated from the RNA of
interest. Subsequent to the cleavage reaction, the RNA now pos-
sesses the end functionalities (5 0-OH and 2 0,3 0-cyclic phosphate)
required for the RtcB-supported ligation reaction and can be
circularized by this enzyme (Figure 12). The described system
not only is applicable in vitro, but has also been shown to
function directly in cells, allowing the expression of circular
aptamers in vivo.

In the context of the Tornado system, flanking ribozymes
were selected that cleave near their 3 0 or 5 0 termini in order
to minimize residual ribozyme sequence at the ends of the
RNA of interest. Furthermore, the residual sequences between
the RNA of interest and the ribozyme following cleavage were
engineered to be complementary to each other, facilitating their
hybridization post-cleavage to form a stem-like structure. This
configuration facilitates the proximity of the two ends for the sub-
sequent ligation reaction, thereby enhancing the efficiency of cir-
cularization by RtcB ligase.

5. Variants that Fold in Response to External
Stimuli

As seen in the engineering approaches for splicing and circulari-
zation, it is possible to tune the sequence of a ribozyme so that
there are different possible folding conformations for a single
RNA sequence. This allows different reactions to be carried out
depending on the fold adopted. The designed HPRs mentioned
in Chapter 4 have adopted two alternative bi-stable conforma-
tions due to their intrinsic folding capacity. To extend the control
of ribozyme folding and thus activity, another molecule can be
added as an effector to induce a conformational change. Such
an engineered ribozyme is called an allosteric ribozyme. The
effector molecules can be either small molecules (true allosteric
control) or other RNA strands called effector oligonucleotides
(allosteric-like control).

5.1. Allosteric Control by Effector Oligonucleotides

Since the activity of ribozymes is highly dependent on their correct
conformation, ribozyme reactions can be controlled by the addi-
tion of other RNA or DNA strands (i.e., effector oligonucleotides)
that either facilitate (positive control/induction) or impede (nega-
tive control/repression) proper folding of the ribozyme by binding
to a specific region of the ribozyme sequence.

Early examples of positive control of the hairpin ribozyme
were developed by us[92] and others,[93,94] in all cases using
an effector oligonucleotide to reconstitute the active conforma-
tion of a formerly disabled/misfolded hairpin ribozyme. Also, the
opposite scenario of negative control has been described. In this
scenario, an oligonucleotide effector was employed to stabilize
the ribozyme in an inactive conformation.[94] The design of ribo-
zymes capable of binding a defined oligonucleotide and being
switched on or off in response can be facilitated by the use of
algorithms, as demonstrated by Penchovsky and colleagues[79]

(see also Chapter 3.2).
In a different scenario, a ribozyme can not only be modulated

by the presence of an effector molecule, but also be programmed
to adopt two distinct folds with different activities.[76,95,96]

Recently, we have developed an RNA capable of adopting either
the HPR or HHR fold, depending on the substrate added
(Figure 13).

This ribozyme can adapt to its environment, which is why it's
called the “chameleon ribozyme” (CHR).[76] To allow this

Figure 8. General structure of a twin ribozyme consisting of two HPR units
A,B) each providing one cleavage/ligation site (1 and 2). Displayed is post-
cleavage ribozyme-substrate complex before ligation.
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adaptability, the sequence had to be designed carefully. Unlike
other engineering approaches, the structural and sequence con-
straints of two types of ribozymes had to be considered at the
same time. Changes in the sequence to stabilize one structure
must not interfere with the structure of the other, and
vice versa. Thus, the design involved inspecting the minimally
conserved sequences of HPR and HHR, which showed that the
conserved regions of the two ribozymes were indeed compatible.
Conserved positions in HPR were not conserved in HHR and
vice versa. This allowed us to combine the two conserved sequen-
ces into a single RNA that could perform both functions. A similar
scenario had already been suggested by Picirilli et al. who
analyzed how the HHR and HPR sequences could intersect.[96]

For the chameleon ribozyme, we started with the HPR sequence
and introduced a series of mutations to allow it to intersect
with the HHR. It was also helpful to extend the minimal motifs
to allow more stable folding and to include ligation of two frag-
ments in the HPR fold in the experiments. Folding algorithms
were used after each mutation or change in sequence length
to determine if the folding was still correct with the two sub-
strates. The final chameleon ribozyme was able to perform both
cleavage and ligation reactions with the required substrates sep-
arately, and in a one-pot reaction with different substrates
present.

Another approach to create a ribozyme with two functionali-
ties was proposed by Tamura and colleagues.[97] In contrast to the

Figure 9. Principle of twin ribozyme mediated RNA recombination/strand exchange. Blue: substrate patch to be exchanged (with mismatches and
bulge), orange: substrate patch to be inserted, white dot: 2 03 0-cyclic phosphate. Cleavage sites indicated by black arrows. Mismatches displayed as
dashed lines.
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chameleon ribozyme, there was no single ribozyme strand that
adopted one or the other ribozyme fold. Instead, the interaction
of two separate RNA strands resulted in a catalytic RNA molecule
that subsequently exhibited two ribozyme functions. For this
approach, truncated nonfunctional versions of two ribozymes,
the R3C ligase ribozyme and the hammerhead ribozyme, were
designed, each carrying a 7-membered single-stranded loop
region complementary to the loop of the other. As long as only
one of the two strands was present, no activity could be detected.
However, both strands together can interact by kissing loop inter-
action of the introduced 7-membered loops. This caused a struc-
tural rearrangement resulting in a single ribozyme containing

both activities, ligation by the R3C ligase and cleavage by the
hammerhead ribozyme (Figure 14).

5.2. Allosteric Control by Small Molecules

In order to exercise greater control over ribozyme reactions, it is
also possible to combine two different types of functional RNAs,
a ribozyme and an aptamer, in a single molecule. The resulting
RNA consists of an aptamer unit (an RNA that can specifically
bind a small molecule) and a ribozyme as the catalytic domain.
When the small molecule binds to the aptamer, the structure of
the RNA is altered, thereby enabling or disabling ribozyme

Figure 10. Reaction scheme for HPR-based RNA splicing. Red: intron to be spliced out, turquoise: exon; black: supporting factor; white dot: 2 0 ,3 0-cyclic
phosphate, black dot: 5 0-OH. The cleavage sites are indicated by black arrows. Adapted with permission.[21]

Figure 11. Reaction scheme for HPR-based RNA self-splicing. Red: 5 0-exon, turquoise: 3 0-exon; white dot: 2 0 ,3 0-cyclophosphate, black dot: 5 0-OH, The cleav-
age sites are indicated by black arrows. Adapted with permission.[20]
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activity. Depending on the design, the ribozyme unit can be allo-
sterically controlled to be active only when a specific molecule is
present or absent.[98] The sequences of the two functional units
can either be tandemly fused without intersecting or even over-
lapping to form a true aptazyme or riboswitch. After the pioneer-
ing work of Breaker and coworkers,[98,99] a significant number
of aptazymes, predominantly those employing the ham-
merhead ribozyme fused to diverse aptamers, have been devel-
oped in the past.[5,15,79,100] However, alternative designs include
also other ribozymes, for example an allosterically controlled
Diels–Alder ribozyme that responds to theophylline.[101] Often,
such ribozymes are not developed through rational design
but instead by in vitro selection.

A notable example of rational design from our laboratory is
the hairpin ribozyme responsive to flavine mononucleotide
(FMN), which was derived by integrating the FMN aptamer into
the hairpin ribozyme structure. Specifically, the HPR unit and the
aptamer unit were connected by a communication module,
which translates the binding event in the aptamer region to a
conformational change in the ribozyme unit, thereby upregulat-
ing activity. The oxidized form of FMN is the only form that can
bind to the aptamer domain, allowing the aptazyme to sense the
oxidation state of its environment (Figure 15).[102] The reduced
form of FMN exhibits much lower or no binding affinity compared
to its oxidized form due to its non-planar molecular shape. The
oxidized form possesses a planar geometry due to its aromatic
nature, while reduction leads to the loss of aromatic properties
and results in a bent shape of the isoalloxazine ring. As a signifi-
cant portion of the binding energy is derived from hydrophobic
stacking of FMN with the nucleobases in the aptamer, reduction
and loss of planarity cause disruption of the stacking interactions
between FMN and the aptamer, leading to loss of binding.

Figure 12. Reaction scheme for twister ribozyme-assisted RNA circulariza-
tion. Black: flanking twister ribozymes; gray: stem forming sequences; blue:
RNA to be circularized; white dot: 2 0 ,3 0-cyclic phosphate. Adapted with
permission.[91]

Figure 13. General principle of the chameleon ribozyme (CHR), which
adopts either the HPR (left) or the HHR (right) fold dependent on the
added substrate. Red: HPR substrate, blue: HHR substrate. The cleavage
sites are indicated by black arrows. Adapted with permission.[76]

Figure 14. Acquisition of dual ribozyme function from two nonfunctional
RNAs through kissing loop interactions. L: ligase ribozyme unit; HHR: ham-
merhead ribozyme unit; gray: seven-membered loop regions; dashed line:
ligase ribozyme substrate. The HHR cleavage site indicated by a black
arrow. The kissing loop interaction of the two nonfunctional units causes a
structural rearrangement resulting in an RNA with both ribozyme function-
alities. Adapted with permission.[97]

Figure 15. FMN-responsive hairpin ribozyme. A) Schematic presentation of
the secondary structure of an FMN-responsive hairpin aptazyme. Binding of
oxidized FMN (left) enables cleavage. After reduction of FMN, the aptamer
unit cannot bind FMN and cleavage is switched off. R: ribozyme unit; Ap:
FMN aptamer unit; C: communication module connecting the two units.
The cleavage site indicated by a black arrow; orange pentagon: FMN.
B) Conformational change of FMN upon reduction/oxidation. Adapted with
permission.[102]
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Our previous studies have demonstrated that the reduction of
FMN can be achieved through either chemical or electrochemical
means. More recently, we have successfully demonstrated the
transport of an electron through the aptamer region, which
marks the inception point for a novel design that couples
FMN reduction with RNA charge transfer.[103]

In another scenario, the fusion of the ribozyme with an
aptamer sequence in tandem can be used for gene regulation,
if the aptamer and the ribozyme sequence are included in the
untranslated region (UTR) of the respective mRNA. In the case
of an OFF riboswitch, the aptamer without the ligand adopts a
fold that prevents the correct folding of the ribozyme moiety
so that cleavage is inhibited. Conversely, in the presence of
the ligand, the ribozyme undergoes a conformational change
to its active form, resulting in the cleavage of the mRNA in cis,
thereby preventing translation. In the case of an ON riboswitch,
the aforementioned mechanism must function in the opposite
direction, as evidenced by the study of a guanine aptamer situ-
ated in tandem with the twister ribozyme in the 5-UTR of a mam-
malian mRNA.[104] The absence of guanine results in the activity of
the ribozyme moiety, leading to the cleavage of the mRNA. In
contrast, the presence of guanine hinders the proper folding
of the ribozyme, resulting in its inactivity and the subsequent
translation of the mRNA (Figure 16).

The engineering of this system entailed the systematic
design of the aptamer-ribozyme structure motif, aiming to
adopt only two exclusive conformations. In the absence of
the ligand guanine, the structure exhibited a preference for
the ribozyme fold, resulting in mRNA cleavage. Conversely, in
the presence of guanine, the structure predominantly adopted
the aptamer fold, thereby preventing mRNA cleavage. Achieving
this behavior required the prevention of proper ribozyme fold-
ing in the presence of the ligand. This was accomplished by the
formation of a stem structure in the aptamer involving an essen-
tial sequence patch of the ribozyme structure (depicted in blue
in Figure 16). Consequently, proper folding of the ribozyme was
hindered. The design enabled the switching between the
aptamer and the ribozyme structure in response to the ligand.

Beyond the examples described above, cis-acting ribozymes
have been demonstrated in general to be instrumental in the
regulation of gene expression across a variety of model sys-
tems.[105] The underlying principle entails the integration of
the ribozyme sequence into the 3 0 or 5 0 UTR of the mRNA that
encodes the gene of interest (GOI). In the case that the ribozyme
is in its active state, the mRNA is cleaved, leading to the subse-
quent silencing of the gene of interest. Conversely, when the
ribozyme is inactivated, the mRNA remains intact and can
undergo translation to produce the encoded protein (i.e., gene
expression is turned on).[106] The activity of the ribozyme can be
modulated through the addition of a complementary oligonu-
cleotide that binds to a specific region of the ribozyme, thereby
inducing a conformational change (Figure 17), or, in cases
where the ribozyme is fused to an aptamer domain, by the addi-
tion of a small molecule (e.g., metabolites) (Figure 18).[106,107]

Depending on the design, it is possible to establish a negative
or positive control of gene expression in response to the effector

Figure 16. Design of an ON-riboswitch based on the guanine aptamer and
the twister ribozyme fused in tandem. In the absence of guanine (orange
pentagon) the ribozyme unit is able to cleave (cleavage site indicated by
black arrow) the mRNA, because the essential stem (blue) can be formed.
Translation is switched OFF. If guanine binds to the aptamer unit (red), the
antiribozyme sequence (orange) forms a stem with the essential strand of
the ribozyme unit (blue) and the ribozyme structure is not intact anymore.
Translation is switched ON. Adapted with permission.[104]

Figure 17. General principle of gene expression control by an effector
oligonucleotide (orange) based on ribozyme (R) activity. A) Negative con-
trol: In the absence of the effector oligonucleotide the ribozyme unit folds
into an inactive structure not capable of cleavage and translation is
switched ON. Binding of the effector oligonucleotide to the mRNA induces
a conformational change of the ribozyme unit and thereby enables mRNA
cleavage (cleavage site indicated by black arrow), translation is switched
OFF. B) Positive control: In presence of the effector oligonucleotide the
ribozyme unit adopts an inactive fold, translation is switched ON, whereas
in the absence of the effector oligonucleotide the ribozyme is active and
cleaves the mRNA (cleavage site indicated by black arrow). Translation is
switched OFF.
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molecule. For negative control (knock-out in the presence of the
effector molecule), the ribozyme must fold into an inactive con-
formation after transcription of the mRNA. Only with the addi-
tion of the effector is it able to fold correctly and cleave the
mRNA.[108–112] Conversely, in a positive control scenario, where
gene expression is induced by the presence of the effector mol-
ecule, the ribozyme is engineered to prevent the formation of
the active conformation upon binding of the effector (Figure 17
and 18).[104,113,114]

A more recent example of positive control of gene expression
involves the insertion of a variant of the hammerhead ribozyme
into the 3 0-UTR of the mRNA to be controlled. Following tran-
scription, the ribozyme cleaves the mRNA, thereby inhibiting
translation. In the presence of an antisense oligonucleotide,
which binds to the 3 0-UTR proximal to the ribozyme, a conforma-
tional change is induced rendering the ribozyme inactive.
Consequently, translation was initiated. As this system could
be applied in living organisms such as the nematode C. elegans,
it shows that cis-acting ribozymes can be a useful tool for

regulating gene expression in molecular biology, but eventually
also for diagnostic and therapeutic purposes.[115]

6. Ribozyme Design for Diagnostic/Therapeutic
Applications

In comparison to proteins, small self-cleaving ribozymes are more
compact, and the synthesis and purification of the RNA strands
are more cost-effective and less labor-intensive. Moreover, pro-
teins must be expressed in cell culture, which carries the risk
of contamination from the organism used for production. As pro-
teins themselves have the potential to be immunogenic, they are
not suitable for all applications. Conversely, in vitro transcribed
RNA does not carry the risk of contamination from cell culture.
While transcribed RNA itself can act as an immunogen, it tends
to be less immunogenic than proteins and can be modified to
reduce immunogenicity.[116–121] Due to these advantages and
the relatively simple mechanism, ribozymes are suitable for diag-
nostic or therapeutic applications. One of the major applications
is probably ribozyme-supported mRNA cleavage to control gene
expression, as discussed above. From the therapeutic perspec-
tive, this strategy is useful for the purpose of regulating the
expression of mRNAs that are administered exogenously into liv-
ing cells, for example in the context of anticancer treatment.
As a helpful design tool, ribozymes as potential drug candidates
could also be designed with the help of computational
approaches.[79]

Due to its relatively short sequence and compact structure
combined with a high variability of possible substrate sequences,
the hammerhead ribozyme is a promising candidate for diagnos-
tic or therapeutic applications, in vitro and in cells, although there
are a number of hurdles to overcome including delivery, endo-
somal escape, and intracellular stability.[122,123] In addition to these
challenges common to all oligonucleotide drugs, ribozymes must
be designed to be sufficiently active under cellular conditions. For
example, the minimal HHR demonstrates suboptimal cleavage
efficiency and requires relatively high magnesium ion concentra-
tions, because it lacks the loop–loop interaction, present in the
full-length wild-type HHR. A recent study of ribozyme engineer-
ing reported a clever approach to overcome this challenge and
combine the advantages of the wild-type (lower magnesium
dependence, higher activity) and the minimal motif (wider range
of possible substrate sequences) in one ribozyme.[124] The design
of a minimal HHR devoid of loop–loop interaction was
accomplished, and upon folding, the ribozyme was artificially
locked in the adopted conformation by chemical crosslinking
(Figure 19). This was achieved by cycloaddition between azide
and alkyne functionalities positioned at specific sites of the ribo-
zyme structure, thereby providing greater folding stability and
thus higher activity even under physiological conditions and
inside cells. As the ribozyme still corresponded to the minimal
motif and did not require the additional loop for tertiary stabili-
zation, the broad substrate range was retained. This method was
further refined to develop hammerhead ribozymes, which have
found application as RNA interference tools. They have been

Figure 18. General principle of gene expression control by a small mole-
cule (orange pentagon) based on a tandemly fused aptamer (Ap) and a
ribozyme (R) unit. A) Negative control: in the absence of the small mole-
cule, the ribozyme unit folds into an inactive structure incapable of cleav-
age and translation is switched ON. In the presence of the small molecule,
it binds to the aptamer, which causes a conformational change of the ribo-
zyme unit followed by mRNA cleavage (cleavage site indicated by black
arrow), and translation is turned OFF. B) Positive control: Binding of the
small molecule to the aptamer unit induces an inactive ribozyme fold and
translation is switched ON. In the absence of the small molecule, the ribo-
zyme adopts an active conformation and cleaves the mRNA (cleavage site
indicated by black arrow). Translation is turned OFF.
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shown to cleave a specific RNA substrate, thereby inducing effi-
cient gene silencing.[124]

7. Conclusion

The development of nucleic acid catalysts by rational design is a
powerful tool with potential applications. However, it can be a
very challenging task, requiring careful consideration of a range
of factors related to sequence fitting, folding, and reaction equi-
libria. Typically, the design process begins with a precursor ribo-
zyme that has known structural and catalytic properties.
As mentioned earlier, one of the most important steps is to
adapt the ribozyme sequence to recognize a defined target
and to maintain activity. The substrate association and dissocia-
tion can be influenced by altering the length of the substrate-
binding domains. However, the ribozymemust still be able to fold
into the required active conformation. Furthermore, structural
modulation of the chosen precursor ribozyme can be used to
bias the reaction equilibrium (e.g., in the hairpin ribozyme,
structural stabilization favors ligation, while destabilization favors
cleavage).

Numerous tools are available to facilitate rational design,
including software and platforms for the theoretical prediction
of secondary structures of nucleic acids, which can guide
sequence design. A prerequisite for successful engineering is
the understanding of the structure and mechanistic properties
of the starting nucleic acid. The more data available, the higher
the probability of a successful design. Currently, several nucleic
acids meet this requirement. The numerous examples of ribo-
zyme engineering demonstrate that we now possess a sufficient
understanding of these systems to design them for specific appli-
cations. The hairpin ribozyme variants described here illustrate
the strong relationship between the structure and function of this
catalytic RNA. Through structural manipulation, variants with new
properties have been created while retaining the basic function-
alities, RNA cleavage and ligation. These however, were tuned to
support diverse RNA processing pathways. It is noteworthy that
the rational design also of other ribozymes has led to the
development of novel nucleic acid catalysts with unique
properties. As tools for predicting and modeling RNA structures
continue to improve, RNA engineering, and in particular, the
rational design of functional nucleic acids, will become less chal-
lenging. Nevertheless, these endeavors will remain a rewarding
task for the development of novel RNAs for demanding
applications.
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