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Promising potential of allosteric ribozyme in bio-nano
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ABSTRACT
Allosteric ribozyme exhibits a catalytic activity that is modulated by specific effector through binding to receptor
sites that are distinct from the active site. The allosteric control of ribozyme activity is attractive not only from the
perspective of intrinsic catalytic properties, such as structure-function relationships, but in terms of applications to
bio-nano technology. Now many of allosteric ribozymes have been created by using "allosteric selection", a
molecular engineering process, that combines modular rational design and in vitro evolution strategies. Here we
describe the molecular basis, robustness and application of the allosteric ribozyme.
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Introduction
2)

In recent years, the potential of RNA to form dynamic
structures has been exploited by ribozyme engineers in the
development of RNA molecular switches or 'allosteric
ribozymes'. Although the study of artificial enzymes developed from studies exclusively of proteinaceous enzymes and
the discovery of RNA enzymes (ribozymes) were only relatively recent(1), the rapidly developing field of RNA biotechnology seems likely to overtake that of proteins and
peptides, in particular, in the field of artificial enzymes(2-5)
The basic principle of an allosteric nucleic acid sensor is
shown in Figure 1. Unlike other enzyme inhibitor or enhancement mechanisms, allosteric enzyme undergoes modulation of catalytic activity in the presence of an effector molecule that binds to a receptor site that is distinct from that
of the enzyme’s active site(6,7). Therefore, a typical allosteric
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enzyme is comprised of three functional features: a catalytic
center, an effector binding center, and a structurally responsive architecture that permits alterations in the function
of the catalytic center upon binding of the effector. It has
been known for several years that functional RNAs and
DNAs can be ‘evolved’ in the test tube(5,8) and that in vitro

Fig 1. Schematic representation of the action of allosteric
ribozymes. The activity of a ribozyme can be positively
affected (allosteric activation) or negatively affected
(allosteric inhibition) by conformational changes that
result from ligand binding to an appended aptamer
domain.
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selection can be used to isolate a diverse array of precisely
folded sequences that bind specific proteins or small organic
compounds(6,7). These engineered RNA biopolymers may
be used as diagnostic agents or biosensors for any number
of target compounds, as artificial molecular switches to control gene expression in complex systems, and as gene-inactivating agent for cancer or viral gene therapy.

Allosteric ribozyme as a biosensor component
Designing sensors has long been a focus of research as it
can provide on-site, real-time detection, and quantification of
target analytes of interest for civilian, clinical, and military
applications(9.10).
The chemical properties of the allosteric ribozyme make it
amenable for use as a switch or sensor. Allosteric ribozymes
serve as self-contained biosensor elements that can be made
to selectively bind an analyte and whose catalytic function
can be made to respond characteristically to the analyte-binding event. The range of chemical and even physical
stimuli that can be used to modulate allosteric ribozyme activity is likely to be broad, which is essential if nucleic acids
and their analogs are to serve as a robust medium for biosensor development.
The extent to which nucleic acids will serve as useful biosensor elements will depend largely on how easily RNA and
DNA molecular switches can be created. There are two critical step for design of allosteric ribozyme.
The first step is to obtain analyte-specific aptamers,
DNA/RNAzymes, or aptazymes. To create an allosteric ribozyme, a ribozyme is connected via a "communication module" to an aptamer that is specific for a certain ligand. The
communication module couples the aptamer ligand interaction to ribozyme activity(11,12), usually via up-regulation
but sometimes via inhibition(13). The resulting RNA combines an aptamer with a ribozyme and has thus been
termed an "aptazyme"(11). The activity enhancement upon
ligand activation of an aptazyme is typically between 10 and
3
10 ; the higher end of this range is more than sufficient for
practical biosensor assays. The mechanism by which ligand
binding is coupled to ribozyme activation is usually not

11

known in detail, but this is generally thought to involve
structural stabilization of the catalytically active ribozyme
conformation upon ligand binding(14).
The other critical step is to transfer the target-specific recognition event into a physically detectable signal. Toward
this goal, conductivity(15) and radioisotope(16) or fluorescence(17,18) labeling methods have been developed. In
many sensor applications, colorimetric detection can be advantageous because it can avoid difficulties associated with
handling and disposing of radioisotopes, eliminate, or minimize most costs associated with instrumentation and operation in fluorescence detection, and thus make on-site, real-time detection, and quantification easier(19,20).
A number of studies have now shown that aptamers,
DNA/RNAzymes, or aptazymes can often rival antibodies
in the broad range of analytes they can recognize(21). At
least two features make them excellent platforms for making
sensors(21,22). First, the selection is in vitro and thus can be
carried out in short time and with limited cost. Second, unlike antibodies, most aptamers, DNA/RNAzymes, or aptazymes can be denatured and renatured many times without
losing the binding ability or activity and, therefore, can be
processed and stored under rather harsh conditions.
Advanced biochip systems
Microarrays are a well-utilized tool in both academic and
industrial research laboratories. They can be used to assess
gene and protein expression (via nucleic acid or protein microarrays) to identify novel targets, and can also be used to
validate the found targets at the tissue or cell scale (via tissue or cell microarrays). As it was becoming clear that catalytic nucleic acids could serve as biosensor elements, it was
proposed that their combined recognition and reporting features could be harnessed to create a new biochip system
based on arrays of allosteric RNA or DNA catalysts(23,24).
Breaker's group has already generated a small aptazyme array that discriminated between a variety of metabolites(16).
They first generated seven different aptazymes, each of
which was specifically triggered by its effector, and immobilized these on a gold surface via a 5'- thiotriphosphate
moiety. A 63-feature RNA array was created and used to se-
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lectively and quantitatively report the presence of various
analytes even when incubated in a complex chemical
mixture. Further improvements in the methods to detect signal and the development of a greater number of allosteric ribozymes would permit the unification of genomics, proteomics and metabolomics assays in a single biochip format.
High-throughput drug screen system
High throughput screening (HTS) of compound libraries
to identify molecules that inhibit the catalytic activity of specific kinases, helicases, proteases, and other enzymes is a
major focus of pharmaceutical industry efforts. Strategies for
the detection of enzyme activity in HTS formats that can
readily translate to multiple targets have the potential to
greatly accelerate therapeutic discovery. Because allosteric ribozyme is able to selectively recognize the common product
of an enzyme reaction class and readily transduce a detectible signal, it is possible to use it to HTS. For example, protein kinases typically convert ATP into ADP upon protein
phosphorylation. A highly specific ADP-sensing RNA switch
or RiboReporter(25,26) has been created and used to detect
and report the amount of ADP by-product. This indirectly
reflects the level of protein kinase activity in a given assay.
A RiboReporter that yields a fluorescent report upon activation by ADP was used successfully to identify reaction mixtures containing the protein kinase inhibitor staurosporine(25). Similarly, this allosteric ribozyme could be
used in large high-throughput screens to identify new protein kinase inhibitors or to find compounds that modulate
the activity of any enzyme whose activity generates or destroys ADP. Allosteric ribozymes have also been created to
respond to protein targets(27) such as lysozyme and the Rev
peptide from HIV(28). Furthermore, other protein-dependent
allosteric ribozymes have recently been shown to be useful
tools to screen for small molecules that disrupt protein ligand interactions(29).

Allosteric ribozyme as a gene knock-down tool
Scientists have been working on strategies to selectively

turn off specific genes in diseased tissues for the past thirty
years. Also the demand for better tools to assign gene function has been made imperative by the advent of genomics,
a field that within a few years has produced numerous
monumental advances from the complete sequence of S. cerevisiae (30) to a draft sequence of the human genome.
(31,32).
The overwhelming advances of the last few years in the
field of nucleic acid-based technologies laid the basis for the
development of gene knock-down. Currently, the best characterized of this group of RNA-mediated gene regulation
pathways is the post-transcriptional gene silencing mechanism known as RNA interference. RNAi is a process by
which double-stranded, 21-nucleotide, siRNAs post-transcriptionally inhibit gene expression by targeting homologous mRNA for degradation. RNAi is speculated to be an
evolutionarily conserved mechanism for host plant and animal cells to defend against foreign or invading nucleic acids,
such as transposons, viruses or aberrant mRNA, thereby
functioning as a genomic immune system(33). The biochemical pathways of RNAi are still being investigated(33,34), but fundamental steps include endogenous
double-stranded RNA (dsRNA) incorporation into an
RNA-protein complex that includes a helicase, a kinase and
a type III ribonuclease, DICER, which processes long
dsRNAs into 21 to 25-nucleotide, double-stranded siRNA
with a two to three nucleotide 3’-overhang. Although
DICER appears to be important for RNAi in lower organisms, it has not been detected in mammalian systems, which
explains the non-specific interferon induction and cell death
in mammalian cells treated with siRNA constructs longer
than 30 base pairs. Helicase-unwound single-stranded RNA
becomes part of the larger RNA-induced silencing complex
and guides the complex to target mRNA. The bound
siRNA/mRNA duplex is finally cut by an RNA-induced silencing complex endoribonuclease, thereby inactivating
translation. Because it offers efficient gene knock-down, relatively low cost, and easy to make, the use of siRNA is the
most popular and will continue to expand. If so, dose RNAi
supplant the use of antisense, ribozymes, DNAzymes, and
related approaches for many applications? RNAi is very efficient and useful, but each system have the various unique

Byung-Su Kwon & Seong-Wook Lee

potential use. Especially ribozyme has a several advantage
superior to siRNA.
The first, short inhibitory RNAs have not been effective
against intron target sites and may not be effective against
RNAs that are exclusively nuclear, such as spliceosomal
RNAs. Ribozymes, on the other hand, can be designed to
target introns and nuclear-localized RNAs. These agents may
be more useful when it is necessary to selectively down regulate a sequence derived from a gene family of highly homologous sequences in which only the introns have grossly
different sequences.
The second, in choosing a method for targeted knockdown of gene expression, an important consideration has to
be the potential for off-target, non-sequence specific effects.
So far it is unclear whether siRNA elicit the off-target effect
or not, but there is a report in the literature of a multitude
of off-target effects by synthetic siRNAs(35). In contrast, ribozymes are much more sensitive to polymorphisms at the
cleavage site (though relatively less so in the hybridizing
arms, depending upon position) and have therefore been
used for discriminating between single nucleotide polymorphisms(36).
To the end, the most important feature of ribozyme is
that it is possible to regulate its activity. The hammerhead
ribozyme is a metalloenzyme and that the RNA component,
in particular the region known as the catalytic core, is merely used as a scaffold for capture of metal ions at a site adjacent to the scissile bond(37,38). A slight change in the conformation of the catalytic core of a hammerhead ribozyme
can easily prevent bound metal ions from participating in
the chemical cleavage reaction or can prevent the metal ions
from binding to the appropriate site, with a resultant dramatic loss of catalytic activity. By using of this character of
hammerhead ribozyme, Taira and co-worker generated a
novel allosterically controllable ribozyme, the maxizyme,
which has a dimeric structure(39,40) and specially cleaves
BCR-ABL mRNA inducing apoptosis in cultured CML cells.
They have succeeded in allosterically controlling the activity
of the heterodimer by using one of the two substrate-binding regions as sensor arms. Only in the presence of the correct target sequence does the heterodimer form the cavity
that can catalytically capture indispensable Mg2+ ions. The
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maxizyme remained in an inactive conformation in the presence of normal ABL mRNA or in the absence of the junction
sequence.
Like a previously stated, several groups recently succeeded in creating allosterically controllable ribozymes
whose activities can be regulated in a useful way by allosteric effector molecules. In some cases, the allosteric effector
molecule is a nucleic acid (DNA or RNA) and in other cases
it is a small chemical compound. If trans-cleavage concept of
maxizyme is conjugated with the allosteric ribozyme regulated by a small chemical compound or a nucleic acid, novel
class of gene knock-down allosteric ribozyme would be
developed.

Allosteric ribozyme as a gene expression
regulator
Investigations of the mechanisms involved in appropriate,
developmentally regulated tissue-specific gene transcription
have laid the foundations for transgenic and gene-therapy
technologies directing specific induction or ablation of genes
of interest in a tissue-restricted manner. This technology has
further evolved to allow for temporal control of gene expression and ablation. Useful gene regulation system such as
tissue-specific promoter, tetracycline regulatory(41) and
Cre-loxP system(42) have been developed and used at various fields. However, these system is insufficient to meet all
of requirements. So novel and powerful system for temporal
and spatial gene regulation is required.
Recently, a novel mode of RNA-mediated genetic regulation has been discovered that requires no auxiliary protein
factor. RNA serves as the sole molecular switch that modulates transcription, translation or RNA processing through
conformational changes prompted by direct interaction with
a specific cellular metabolite(43,44). These natural RNA
switches show a wide range of target specificities and
affinities. For examples, coenzyme B12(45), flavin mononucleotide (FMN)(46), thiamine pyrophosphate (TPP)(47),
S-adenosylmethionine (SAM)(48), lysine(49), guanine(50),
and adenine(51) have been characterized. The discovery of
natural riboswitches stimulated the study of natural allos-
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teric ribozyme-switches. In 2004, the first of natural metabolite-sensing allosteric ribozyme switches reported(52).
Breaker and coworker have identified a new class of ribozymes that cleaves the messenger RNA of the glmS gene in
Gram-positive bacteria. The ribozyme is activated by glucosamine-6-phosphate (GlcN6P), which is the metabolic product
of the GlmS enzyme. Additional data indicate that the ribozyme serves as a metabolite responsive genetic switch that
represses the glmS gene in response to rising GlcN6P
concentrations.
The examples of natural riboswitches and engineered allosteric ribozymes provide evidence that RNA has sufficient
functional potential to maintain a complex metabolic state
without the need for proteins. Moreover, riboswitches open
fire on new possibility of gene regulation. Actually Mulligan
and coworker showed that RNA-based gene regulation system can effectively work in mammalian cells via the incorporation of sequences encoding self-cleaving RNA motifs
into the transcriptional unit of a gene or vector(53). When
correctly positioned, the sequences lead to potent inhibition
of gene or vector expression, owing to the spontaneous
cleavage of the RNA transcript. Administration of either oligonucleotides complementary to regions of the self-cleaving
motif or a specific small molecule results in the efficient induction of gene expression, owing to inhibition of self-cleavage of the messenger RNA. Efficient regulation of transgene
expression is shown in a variety of mammalian cell lines
and live animals. This study provide an important 'proof
of-principle' for gene regulation strategies based on the
modulation of RNA processing.

Conclusion
RNA and DNA can be created to function as an allosteric
enzyme, wherein distinct effector-binding and catalytic domains interact dynamically to control catalysis. These features of the allosteric ribozyme provide new opportunities
as novel genetic-control elements, biosensor components, or
precision switches for use in nano-biotechnology via targeted molecular sensing. So creation of allosterically controllable ribozymes is of great current interest and will be ac-

tively developed.
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