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Allosteric aptamers and aptazymes as probes for screening approaches
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Substantial effort is currently being devoted tfo engineering
allosteric nucleic acids, aptamers and ribozymes for various
applications in cellular and molecular biology, biotechnology and
diagnostics. These molecular switches aiter their different
functional activities in response to specific binding molecules,
including proteins, nucleic aclds and small organic compounds.
The interacting molecules trigger a response in the allosteric
nucleic acid, which can be used for purposes such as real-time
monitoring, high-throughput screening or gene expression control.
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Introduction

Nucleic acids are increasingly being applied as tools to
detect biomolecules or biomolecular interactions. The
advantage of nucleic acids compared with protein-based
technologies is that specific ligand-binding single-stranded
DNAs, RNAs or chemically modified oligonucleotides can
be easily obtained by evolutionary selection methods. These
functional nucleic aclds, also known as aptamers, are nucleic
acid-based receptor molecules that are isolated from
complex mixtures of trillions of nucleic acid sequences,
entirely in vitro. Aptamers can bind to nearly every class of
ligand molecule with high specificity and affinity, Moreover,
functional aptamers can be readily adapted in vitro to meet
certain criteria, such as increasing stability, affinity and
specificity, or traceability. In addition, aptamers can be
chemically synthesized in large quantities. These properties
make aptamers suitable for a variety of applications that
require the reliable, specific and sensitive detection of target
compounds. Recently, novel methods based on functional
nucleic acids, such as ribozymes and aptamers, were
developed and applied for various purposes. At the heart of
these methods are effector-regulated ribozymes, also known
as aptazymes, reporter ribozymes or ribo-reporters.
Aptazymes are chimeric molecules that consist of an
aptamer domain and a ribozyme module. Just like aliosteric
enzymes, their catalytic activity is regulated by binding of a
small ligand or protein to the aptameric domain of the
aptazyme, distant from the active site,

The basis for this concept lies in an intrinsic property of
aptamers to form ligand complexes, specifically adaptive
binding, which involves different confarmational ordering
processes, Since the first nuclear magnetic resonance
structures of aptamer small-molecule complexes were
elucidated, it became clear that the complex formation
between a ligand and an aptamer normally occurs by
adaptive recognition. For example, aptamers often contain

unpaired loop or bulge regions, which are disarranged in
the free nucleic acid and achieve a defined conformation by
adaptive folding around the ligand, As a consequence,
binding of a ligand to its aptamer stabilizes folding at the
binding site, reinforcing the stability of adjacent helical
domains. When connected to a weakened but essential helix
of a ribozyme or sensor module, ligand binding by the
aptamer induces helix stabilization and triggering occurs
only in the presence of the corresponding ligand.

There are several strategles for the construction of
aptazymes [1]. The rational approach, by fusing a known
aptamer to a ribozyme, was first shown for the hammerhead
ribozyme and an ATP-binding aptamer, which led to an
aptazyme regulated by ATP [2,3]. This strategy necessitates
detailed knowledge of the secondary and tertiary structures
of the RNA molecules to be fused. A critical issue is the
design of the joint between ribozyme and aptamer, the
communication module, which mediates the binding of the
ligand from the aptamer to the ribozyme. A method to
optimize the communication between aptamer and
ribozyme is to fuse the two motifs via a randomized region
and to evolve the optimal communication module by in vitro
selection methods [4). Considerably versatile RNA elements
that function as communication modules, rendering
disparate RNA folding domains interdependent, have been
described [5]. Communication modules can easily be
applied to engineer aptazymes with new ligand specificities.
For example, when an aptazyme regulated by a flavin
mononucleotide (FMN) aptamer module [6] was replaced
with previously identified ATP- and theophylline-binding
aptamer motifs [7.8], new aptazymes regulated by ATP and
theaphylline, respectively, were obtained [4]. An alternative
option is the direct evolution of & new aptameric domain
attached to a known ribozyme, This is useful in cases in
which no aptamer is available for a given ligand. In this
strategy, termed ‘allosteric selection', aptamer and
communication mocdule are evolved together using selection
schemes favoring the emergence of ribozymes that self-
cleave only in the presence of their corresponding effector
compounds [9-11].

Regulation of aptazymes by small molecules

The aptazyme approach was further broadened by applying
other catalytic RNAs or different effector molecules, An
interesting approach involved the engineering of allosteric
ligase ribozymes that had been previously isolated by in
vitro selection [12]. In these ribozymes, the equilibrium
between conformers strongly depends on the presence of
ATP, the ligand that binds to the regulatory aptamer
domain, The ribozyme thus only generates a novel
oligonucleotide template by ligation in the presence of ATP.
These new oligonucleotides could be amplified by RT-PCR,
providing an interesting example of how a signal can be
amplified when triggered by a small molecule. In a follow-
up study, allosteric ligase ribozymes were constructed that
were switched on by adenosine or theophylline by
appending the corresponding aptamers [7.8] to the core
motif of the ligase ribozyme [13]. When the FMN aptamer
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[6] was used instead of the other two motifs, response to
flavine was minimal. After randomization of the joining
region between the aptamer and the ribozyme, a series of
selection steps yielded 'communication modules' that could
render the FMN aptamer and the ribozyme interdependent,
resulting in up to 260-fold activation, triggered by FMN. To
engineer an aptazyme, group I self-splicing introns were
also used as the catalytic partner for the theophylline
aptamer. The self-splicing activity of the group I aptazyme
was specifically controlled by exogenously added
theophylline in vivo. In accordance with the specificity
exhibited by the aptamer module, caffeine, which differs
from theophylline by only a single methyl group, was
inactive as a small-molecule regulatar of this aptazyme [14].

Synthetic DNAzymes were also applied as catalytic modules
to construct RNA-cleaving DNA aptazymes whose catalytic
activity can be controlled by the binding of activator
molecules. Variants of the RNA-cleaving 8-17 DNAzyme
[15-18] and 10-23 DNAzyme [17] were created, and their
catalytic activity improved up to approximately 35-fold by
the binding of the effector adenosine {19]. In addition,
aptazymes based on the hammerhead ribozyme were
constructed in the same study to respond to the effectors
ATP and FMN [19]. In this approach, activation of the
aptazymes by the effector molecules was achieved by
stabilizing the enzyme-substrate complex rather than by
modulating the chemical step of catalysis, a mechanism
exerted by most of the aptazymes discussed above. As the
researchers noted, their approach to controlling the activity
of DNAzymes or ribozymes requires no prior knowledge of
the enzyme's secondary or tertiary folding if substrate
recognition occurs by Watson-Crick pairing, This regulatory
strategy should be generally applicable to any RNA-cleaving
ribozyme or DNAzyme.

The same DNA aptazyme was used to direct the assembly of
gold nanoparticles to generate colorimetric biosensors that
detect the analyte adenosine. The basis for this sensor
principle is that the aptazyme is inactive in the absence of
adenosine. In this case, the uncleaved substrate strands can
act as linkers for DNA-activated gold nanoparticles to
assemble into blue aggregates. When the aptazyme becomes
active in the presence of adenosine, the substrate strand is
cleaved and the nanoparticle aggregates disassemble,
resulting in a red colar [20e]. A similar strategy was used to
construct aptazyme-sensors for Pb(Il)-detection [21].

In another example, a non-catalytic, aptamer-based allosteric
system can detect the presence of a low-molecular-weight
analyte [22¢]. The reporter is based on a short synthetic RNA
sequence that specifically recognizes the triphenylmethane
dye malachite green (MG). This dye is non-fluorescent in
solution, but in complex with the aptamer, the fluorescence
of MG increases 2360-fold [23e]. When fused to an aptamer
sequence (which serves as the receptor domain for a small
molecule {o be detected) via an appropriate communication
moedule, the MG-aptamer module can only bind to the dye,
and hence generate a fluorescence signal, if a ligand is
bound. These reparters represent an all-RNA equivalent of
green fluorescent protein or luciferase with the advantage
that a covalent attachment to a protein is not necessary and
the effector molecules are extremely small.

Allosteric ribozymes can also report the presence of
oligonucleotides [12,24-26]; these include extremely sensitive
probes for viral nucleic acids, which are compatible with
highly parallel detection formats [25,26]. Another example
describes probes for microRNAs (miRNAs), an important
class of small regulatory RNAs. Reporter ribozymes for the
sensitive and sequence-specific detection of various miRNAs
were engineered by introducing a binding domain specific
for the miRNA into the hairpin ribozyme {27], When the
damain is bound by the cognate miRNA, the reporter
ribozyme undergoes conformational changes enabling it to
cleave a substrate oligonucleotide, which has a fluorophore
at one end and a quencher at the other, Fluorescence is
detected only when the ribozyme is active. Nine reporter
ribozymes were designed that were activated by different
miRNAs, Each of them detected its cognate miRNA reliably
and sensitively in a mix of other miRNA sequences. A
concentration of 5§ nM of the cognate microRNA could be
detected, making this system superior to molecular beacons
[28,29], Like the MG-aptamer-based system [23e], reporter
ribozymes are entirely RNA-based and thus could be
expressed endogenously, requiring only the addition of the
short substrate oligonucleotide. These probes will be useful
for the direct detection of minute amounts of nucleic acids,
although for intracellular applications, further enhancement
of the stability of the modified substrate oligonucleotide will
be necessary.

Regulation of aptazymes by proteins

The ligase ribozyme was also used to obtain a protein-
dependent aptazyme by in vitro selection [12]. The ligase
was attached to a 50-nucleotide randomized region, and
aptazyme variants that required either a tyrosyl tRNA
synthetase from Neurospora crassa mitochondria, or hen egg
white lysozyme as protein co-factors for ligase activity were
selected [30]. In a second approach, the same ligase library
was used to isolate HIV-1 Rev-dependent aptazyme ligases
by in vitro selection [31]. A ligase aptazyme was isolated that
was activated by > 18,000-fold by the arginine-rich motif
(ARM) peptide epitope of the HIV-1 Rev protein without
responding to other ARMs, except for the closely related
ARM of the HIV-1 Tat protein. Interestingly, these protein-
dependent aptazymes did not closely resemble natural or
selected sequences or secondary structures that bind either
the HIV-1 Rev ARM peptide or the Rev protein.

In a further example, in vitro and in vivo selection were
applied to isolate new arginine-rich RNA-binding motifs
and corresponding peptide-binding motifs in RNA, which
replace the Rev protein and its target RNA motif, the Rev-
responsive element (RRE), respectively {32]. The catalytic
domain consisted of M12 RNA, a derivative of the
Tetrahymena group 1 intron. Both pep S, a designed
arginine-rich RNA-binding motif {33], and its target RNA
motif in the aptazyme were substituted with randomized
sequences and used for the selection experiments, Newly
established RNA-peptide interactions effectively regulated
splicing both in vive and in vitro. The affinities between the
peptide motifs and the corresponding RNA motifs were
comparable to that between the Rev and RRE [32]. In this
manner, alternative forms of self-splicing intron RNA were
obtained whose activities were regulated by a protein
component.




Another class of protein-regulated aptazymes was abtained
by constructing hammerhead ribozymes activated by
protein kinases [34e¢]. Two different aptazymes were
constructed, one regulated by the unphosphorylated
MAP-kinase ERK2, and the other triggered by the
phosphorylated version. Using a fluorophore-carrying
nuclease-stabilized oligonucleotide substrate, the aptazyme
quantitatively detected unphosphorylated ERKZ in a
multiplexed solution-phase assay. Thus, these protein
detection reagents can be applied to monitor the activation
state of signal transduction components.

Reporter ribozymes for screening purposes
These results show that aptazymes are powerful reagents for
the specific detection of proteins. Beyond that, it would be
extremely valuable if these reporters could also be used to
identify the interaction partners of a target protein. This
might be particularly useful in cases in which an aptamer
has been selected for a given target protein and its inhibitory
activity has been verified. In such cases, aptazymes could be
set up for applications in screening assays that search small-
molecule libraries for lead compounds that displace the
aptamer from its target and adopt its inhibitory activity. This
would allow direct translation of information stored within
an aptamer into a small molecule, which likely will be an
inhibitor itself (Figure 1A).

This issue was addressed by constructing hammerhead
ribozyme-based reporter ribozymes that are either active or
inactive upon binding to the HIV-1 Rev protein or its ARM
peptide epitope [35¢]. A similar setting was used for
reporting the interaction of HIV-1 reverse transcriptase with
its specific pseudoknot aptamer [36]. The Rev-responsive
reporter-ribozymes were used to screen a 96-sample library
of antibiotics for molecules that could disrupt the interaction
between Rev and its cognate RNA. Substrate RNA
oligonucleotides labeled with a fluorescence donor at the 5'-
end and a quencher molecule at the 3'-end, that emit a
fluorescence signal only after cleavage by the ribozyme,
were used for monitoring the activity of the reporter
ribozymes [37,38]. This kind of reaction setup allows the
efficient real-time analysis of aptazyme performance as a
function of protein binding to its cognate RNA module. The
screen identified the gyrase inhibitor coumermycin Al as a
hit that bound Rev with a K value of 7.5 pM and inhibited
HIV-1 virus replication in a concentration-dependent
manner. Thus, the small molecule possesses the same
characteristics as the aptamer from which it was derived.
This study established that it is possible to identify novel
small-molecule inhibitors for a given protein using
interference with RNA/protein interactions as a basis for
screening (Figure 1B).

The same approach was expanded to using hairpin
ribozyme variants regulated by a-thrombin [35e]. These
constructs contained sequences complementary to the anti-
thrombin aptamer [39]. Upon addition of the aptamer
sequence, the aptazymes become specifically inactivated. o-
Thrombin sequesters the hybridized aptamer, inducing
proper folding of the ribozyme into its active conformation,
which results in substrate cleavage and, therefore,
generation of a fluorescent signal. In the presence of hirudin,
an cligopeptide that binds thrombin and competes with
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aptamer binding, the signal was reverted, demonstrating
that the aptazymes can report the thrombin-hirudin
interaction and thus provide an effective toal for the in vitro
analysis of protein-protein interactions.

Additional modularity of reporter ribozymes was achieved
in hairpin ribozyme variants that can be induced or
repressed by external oligonucleotides, A new domain was
incorporated into the ribozymes to form alternate stable
RNA motifs, allowing directed switching of cleavage
activity; the same effector oligonucleotide can either serve as
an inducer or repressor [40]. These hairpin ribozyme
derivatives were engineered for detecting trp leader mRNA,
the RNA sequence tightly bound by L-tryptophan-activated
trp-RNA-binding attenuation protein (TRAP) of Bacillus
subtilis. When the amending domain is complementary to
this mRNA, ribozyme activity can be switched by
hybridizing to the trp leader mRNA, then specifically
reverted by the TRAP-L-tryptophan complex via
sequestration. These reporter ribozymes can thus sense the
activity status of a protein controlled by its metabolite
molecule and could potentially be applied for the screening
of TRAP-binding small molecules.

Nutiu et al also examined allosteric aptamers as real-time
reporters for small-molecule metabalites to monitor enzyme
activities [41e]. They used an allosteric DNA aptamer [42]
that hinds adenosine better than 5-adenocsine
monophosphate  (AMP) as fuorescence reporter for
quantifying the yields of the alkaline phosphatase (ALP)-
catalyzed cleavage of AMP to adenosine in rea time (Figure
1C). The aptamer reporters were used as probes, compatible
with  high-throughput technology, for the indirect
identification of known small-molecule inhibitors of ALP.

Conversely, aptamer-based sensors, or ribo-reporters that also
discriminate between closely related adenosine derivatives,
namely adenosine diphosphate (ADP) and ATP, were applied
to monitor protein kinase activities [43]. As in the studies
described above [35¢,36,40], detection relies on fluorescence
and quencher-labeled oligonucleotides and their cleavage by
an aptazyme. Again, these reporters are potentially
compatible  with  high-throughput  approaches, as
demonstrated by the re-identification of previously known
kinase inhibitors in a proof-of-concept study (Figure 1D),

By employing three different fluorophores, two on the RNA
and one on the protein, Williamson et al were able to
monitar conformational changes that occur in the central
domain of 16S rRNA upon binding to its ribosomal target
protein S15, and the binding of S15 itself, in a single assay
[44]. This system was used to identify members of a 34-
compound library that bound to the three-way junction of
the 165 rRNA central domain. While some compounds
bound and promoted the folding of this RNA domain, none
of them interfered with complexation of the $15 protein.

These approaches show that reporter ribozymes have three
distinct advantages over many other assays or sensors,
detection occurs in real time, none of the actual reaction
partners needs to be labeled, and the format is highly
modular and can be configured for any kind of protein for
which aptamers can be selected or for which a natural RNA
target is available.




140 Current Opinion in Molecular Therapeutics 2005 Vol 7 No 2

Figure 1. Aptamers for inhibitor screening.
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(A) lllustration of how a functional aptamer-targst complex might be used to develop screening assays that allow identification of small
malecules (SMs) that displace the aptamer from the target, resulting in a signal. (B) Reporter ribozymes for high-throughput screening are
shown. If a small molecule can compete with a protein/RNA Interaction, the ribozyme becomaes active and cleaves a substrate labeled with a
fiuorescence tag (F) and a quencher (Q). In the uncleaved state, the substrate has low fluorescence quantum yield, due to fluorescence
resonance energy transfer. in the cleaved state, the two product oligonucleotides rapidly dissociate off the ribozyme, resulting in a
fluorescence signal (hv*). These reporter ribozymes were used to identify a novel small-molecule inhibitor for the HIV-1 Rev protein. (C)
Signaling aptamers for monitoring enzyme activity are illusirated. The DNA aptamer reports the presence of two molecules of adenosine (A),
genearated by dephosphorylation of ATP, ADP or AMP with alkaline phosphatase. In the presence of A, the aptamer folds so that the Q-
labeled oligonucleatide can no longer bind to the signaling aptamer construct. In the absence of A, the signaling aptamer has low
fluorescence quantum yield, resulting from the close proximity of the hybridized F- and Q-labeled DNA, These probes can report known
inhibitors of alkaline phosphatase. (D) ADP-specific ribo-reporters are shown. ADP is generated by a kinase from an ATP co-factor and
specifically bound by the ADP aptamer module, which renders the ribozyme module active to cleave off the F-labeled product oligonuclectide
(the cleavage site is indicated by a triangle). In the inactive form in the absence of ADP, the ribo-reporter has a low fluorescence quantum
yield because of the close proximity of the F-label to a Q-labeled DNA. After cleavage, the F-labeled product dissociates off the ribozyme
(dotted arrow) emitting fluorescence, hv+. E energy.




Synthetic riboswitches

Recently, a novel class of bacterial mMRNA elements, called
riboswitches, were described that contain allosteric aptamer
domains that regulate the expression of metabolic genes and
are controlled by small-molecule regulators {45,46]. These
naturally occurring aptamers bind highly selectively to small
molecules, which induce conformational changes in the
RNA that interfere with transcription or translation.

Prior to the discovery of riboswitches in nature, the
underlying principle had already been realized in artificial
systems. By introducing aptamers that bind to Hoechst dyes
H33258 and H33342 into the 5-UTR of a B-galactosidase
reporter, small molecule-mediated repression of translation
was achieved in mammalian cells [47]. Translational control
elements based on tetracycline- and theophylline-binding
aptamers have been realized recently in yeast [48-50]. In
these studies, the potential of aptamer-ligand interactions
that suppress translation was demonstrated using reporter
genes. In contrast, Grate and Wilson inserted the MG
aptamer into the §-UTR of a cyclin transcript in
Saccharomyces cerevisiae, thereby rendering the cell-cycle
control responsive to the triphenylmethane dye [51]. These
approaches of inserting small-molecule-binding aptamers
into transcripts represent an interesting way to specifically
regulate gene expression on the translational level.

An exogenous control system for regulating gene expression
in several mammalian cell lines was developed by Mulligan
and colleagues [52¢]. The researchers positioned a modified
version of the Sml hammerhead ribozyme from the
trematode Schistosoma mansoni, termed N79, into different
untranslated regions upstream and downstream of a LacZ
reporter gene. The constitutive cleavage activity of the
ribozyme represses gene expression. However, interfering
with the self-cleavage activity of N79 by adding either an
oligonucleotide complementary to the ribozyme or a small-
molecule inhibitor of ribozyme activity, switches gene
expression on. Thus, the oligonucleotide or the small
molecule may serve as broadly applicable tailor-made
inducers of gene expression that even function in mice.
Together with other methods, such as intramers or
aptazymes [563,54], it may be possible to tailor gene-
regulation systems to respond to virtually any small
molecule or metabolite.

Desai and Gallivan demonstrated that it is possible to use in
vitro-selected aptamer sequences to create strains of
Escherichia coli that activate protein translation only in the
presence of the cognate small molecule [55]. They
transformed the theophylline aptamer (7] into a synthetic
riboswitch by subcloning it five basepairs upstream of the
ribosome binding site of a B-galactosidase reporter gene that
allowed accurate measurement of small changes in
B-galactosidase activity in response to theophylline binding.
Interestingly, cells that harbored the aptamer could be
specifically amplified from a pool containing a 10°-fold
excess of cells expressing a mutant aptamer that does not
respond to theophylline. This suggests that this method
might be further used to perform in vivo selections for
aptamers with riboswitch activities that respond to closely
related small molecules from a pool of mutant sequences.
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Finally, Buskirk et al [56e] created a synthetic genetic switch
for small-molecule-induced transcription activation by
combining the malachite green (MG) aptamer [57] with an
RNA-based transcriptional activation domain [58]. The RNA
domain for transcriptional activation displayed 10-fold
increased activity when the cell-permeable MG was present,

Conclusion

All these studies demonstrate that small-molecule-
dependent regulators can be engineered that have the
potential to respond to any kind of ligand for which an
aptamer can be selected. These systems function well in
living cells, and thus should have broad utility in diverse
settings in which time-resolved, ligand-induced gene
expression is desired.
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