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Aptamers for allosteric regulation

Jan L Vinkenborg, Nora Karnowski & Michael Famulok*

Aptamers are useful for allosteric regulation because they are nucleic acid-based structures in which ligand binding induces
conformational changes that may alter the function of a connected oligonucleotide at a distant site. Through this approach,
a specific input is efficiently converted into an altered output. This property makes these biomolecules ideally suited to function
as sensors or switches in biochemical assays or inside living cells. The ability to select oligonucleotide-based recognition
elements in vitro in combination with the availability of nucleic acids with enzymatic activity has led to the development of
a wide range of engineered allosteric aptasensors and aptazymes. Here, we discuss recent progress in the screening, design
and diversity of these conformational switching oligonucleotides. We cover their application in vitro and for regulating gene
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expression in both prokaryotes and eukaryotes.

vert a specific input into a desired output, because such tools

can find broad application in measuring the concentration of
biomolecules, in modulating protein levels and activity or in con-
trolling molecular machinery. Cells and organisms have evolved
such molecular control mechanisms so as to be able to adjust rapidly
and precisely to both extracellular and intracellular changes in the
physicochemical environment. These changes are sensed by cellular
networks of macromolecules, which activate molecular pathways at
the transcriptional, translational or post-translational level. Inspired
by these natural gates, which efficiently translate a change in input
to an altered output, researchers have made strong efforts to design
artificial sensors or switches using synthetic molecules or biomol-
ecules. Strategies involving proteins and peptides have been pur-
sued’, but here we discuss recent examples involving nucleic acids,
particularly aptamers?, thereby demonstrating their suitability and
versatility to generate regulatory elements.

An important reason that nucleic acids are used to engineer syn-
thetic switches is that their secondary structure is mostly governed
by Watson-Crick base-pairing interactions. As a result, the ratio-
nal design of an oligonucleotide in which ligand binding induces
a conformational change that alters function at a distant site can
be fairly straightforward. In addition, a recognition element for a
ligand of interest can be obtained with relative ease. Libraries of
short nucleobases have been screened by a process called SELEX
(systematic evolution of ligands by exponential enrichment)®*,
which has resulted in aptamers that bind targets ranging from small
molecules and proteins to protein complexes and even entire cells®.
Aptamers can be as specific as antibodies and can bind their targets
with similar affinity, but they are often smaller, easier to generate
and more straightforward to modify chemically than their protein-
based counterparts>®.

Importantly, the evolved aptamers can frequently be combined
with other functional elements without altering their molecular
recognition properties. If such an element is a natural or evolved
nucleic acid enzyme, its activity can be regulated by the addition of
its ligand (Fig. 1). A classical example is the ATP-induced activation
of a hammerhead ribozyme (HHR) through replacement of one of
the stem-loops of the enzyme with an ATP-binding aptamer’. As an
alternative output, a second aptamer can be used to obtain a switch
for which the structural changes upon binding of the first ligand
alter the aptamer’s ability to bind a second effector.

_|_here is a great demand in chemical biology for tools that con-

An early example of such a system was a label-free sensor that
could bind the fluorophore Malachite Green after binding of the
ligand flavin mononucleotide (FMN), leading to an increase in
fluorescence®. The mechanisms involving altered enzymatic activity
or binding of a second effector due to ligand binding also occur in
natural regulatory RNA elements. Allosteric ribozymes control gene
expression by cleaving RNA in response to specific metabolites, and
riboswitches undergo a conformational change upon ligand bind-
ing that enhances or diminishes ribosome binding, thereby influ-
encing the translation efficiency of the mRNA*!. These examples
illustrated the potential of allosteric aptamers for application in vitro
and in vivo and have led to the engineering of a plethora of nucleic
acid-based sensors and switches.

In our discussion of the latest developments in the field of allo-
steric aptamers, we include the expansion of the output domains for
application in vitro (Fig. 1) and the establishment of DNA and RNA
to create molecular computing circuits. Furthermore, we provide an
overview of advances in both design and screening methods that
have greatly increased the multitude of artificial RNA switches that
regulate gene expression.

Outputs for in vitro applications
The first applications of aptamers in vitro involved individual apta-
mers that were chemically modified by fluorophores and found appli-
cations in systems where antibodies are traditionally used, such as
ELISAs'™'2. The time-consuming washing steps in such assays not
only make them labor intensive, but also prevent analysis in real time.
By contrast, allosteric aptamers generate an output only after they
bind ligand, thereby eliminating washing steps. If a non-accumulative
output is chosen, real-time measurements become possible.
Asstraightforward wayin which toachieveanimmediate outputsig-
nal after ligand binding is by coupling aptamers to natural ribozymes
or synthetic DNAzymes in a way that makes the catalytic activity of
the enzyme ligand dependent—for example, by replacing one of the
enzyme’s stems with an adaptive aptamer of interest. Aptazymes that
use this principle have been developed through rational and high-
throughput design strategies', resulting in allosteric aptamers that
respond to metal ions, small molecules, oligonucleotides and even
proteins'. Aptamers have also been selected that recognize the con-
formation of an allosteric RNA''. One highly modular detection
method relies on functionalization of the ribozyme’s oligonucleotide
substrate strand with pairs of fluorophore and quencher dyes, or a
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Figure 1| Signal transduction by aptamer-mediated allostery. Different ligand types have been used as inputs to generate a conformational change
that either alters the aptamer’s ability to bind a second effector or changes its enzymatic activity. The resulting aptamers have been used as sensors, by
coupling them to a detectable readout, or as switches that control protein expression or function.

fluorescence resonance energy transfer donor-acceptor pair. Ligand
binding and subsequent strand cleavage resulting from the aptamer-
modulated catalytic activity then leads to a change in fluorescence'”*
(Fig. 2a). This strategy has allowed researchers not only to use
reporter ribozymes for detecting ligands in solution, but also to use
regulatory aptamer—protein complexes to screen for small molecules
that inhibit this interaction. An allosteric aptazyme based on hair-
pin ribozyme regulation by the anti-o-thrombin aptamer was used
to show that even protein-protein interactions can be accurately
monitored®. This approach was further extended to sense the activ-
ity status of a protein, as was shown for the L-tryptophan-activated
Trp-RNA-binding attenuation protein?.

Another example used small, metastable RNA hairpins contain-
ing a short overhang or ‘toehold” at the 5" end*’. The addition of an
initiator sequence that was complementary to the toehold sequence
and to a part of the nucleotides in the hairpin led to unfolding of the
hairpin. This resulted in a 3’ overhang that served as an initiator for
unfolding of a second hairpin, yielding a new 3" overhang. Addition
of the initiator to a solution containing four different hairpins, one
labeled with a fluorophore-quencher pair, started a cross-catalytic
circuit in which fluorescence quenching decreased exponentially.
The approach was extended to use mRNAs as initiator sequences
to amplify fluorescence, enabling simultaneous imaging of multiple
mRNAs in fixed zebrafish embryos®. This demonstrated the ability
of these metastable hairpins to amplify signals in biological probes.

Synthetic DNAzymes have been coupled to gold nanoparticles
(AuNPs) to create sensors with a colorimetric output. Analyte bind-
ing increases the enzymatic activity and thereby reduces the aggre-
gation state of the AuNPs, which induces a color change from blue
to red (Fig. 2b). This mechanism was first shown to function for
adenosine and cocaine as a proof of principle?*?. Sensors for metal
ions such as Pb**, Hg** and uranyl that function by the same prin-
ciple have also been developed"!, although in these cases the metal
functions as a cofactor and not as an allosteric effector. The power
of these colorimetric systems lies in their ease of application, as has
been shown by dipstick tests to allow on-site detection of cocaine
levels in blood serum?® and Pb** levels in paint®.

In addition to the catalysis of phosphodiester transfer reactions
that lead to strand cleavage, ribozymes that catalyze other reactions
have also been incorporated into allosteric designs. For example,
a Diels-Alderase ribozyme was made theophylline responsive to
generate colored or fluorescent reaction products of the Diels-Alder
reaction upon target binding®. In addition, synthetic RNA ligases
have been used to create sensors for which ligand binding induces
strand ligation, thereby making the amount of ligation product
a measure of the ligand concentration®. A drawback of these
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systems is their relatively low sensitivity due to the linear increase in
signal after ligand binding, which has led to the addition of a poly-
merase to exponentially amplify the reaction product.

Recently, RNA enzymes that replicate each other were developed,
thereby allowing an RNA ligase-based sensor design that does not
require the addition of a polymerase for exponential amplification.
Two RNA enzymes catalyze each other’s synthesis from a total of
four RNA substrates*?** (Fig. 2c). When a hairpin in the RNAzyme
structure was replaced with the theophylline- or FMN-binding
aptamers, RNA replication was observed only in the presence of
ligand™®. In the original design, the amplification rate was reduced—
and no longer dependent on the ligand concentration—atlow analyte
concentrations, thereby complicating the RNAzyme's application
as a quantitative analytical tool in most biochemical assays. More
recently, however, quantitative ligand detection was achieved by
dividing amplification into two steps. In step 1, ligand binding leads
to enzyme activation, after which the resulting ligation product
serves as the enzyme for further amplification in step 2 (ref. 36).
Although the assay so far has been established for theophylline
detection, the straightforward design of these self-replicating RNAs
holds promise for extension to more physiologically relevant ana-
lytes in biological samples.

Horseradish peroxidase is essential for diagnostic assays
involving antibodies such as western blots and ELISAs. In 1998,
G-quadruplex structures were shown to show peroxidase activ-
ity after binding of hemin®. The resulting horseradish peroxidase
(HRP)-mimicking DNAzyme has since been used as an output
module in multiple allosteric aptamers, all based on the principle
that ligand binding enables the formation of the G-quadruplex,
which subsequently enhances enzymatic activity’®* (Fig. 2d).
Most commonly, DNAzyme activity is monitored through the
conversion of 2,2’-azido-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS*) to the colored ABTS" radical anion, although
the oxidation of luminol can also be observed using chemilumi-
nescence®’. The G-quadruplex structure of the anti-a-thrombin
aptamer also shows enzymatic activity*.. Importantly, the activity
depends on binding of thrombin, which suggests that aptamers
that contain G-quadruplexes potentially have a built-in readout
for biochemical assays.

The HRP-mimicking DNAzyme has also been used to cre-
ate metal sensors. Addition of Pb** or Hg** to a K*-stabilized
G-quadruplex results in a structural change that leads to hemin
release and a concomitant decrease in enzymatic activity, allowing
the detection of nanomolar levels of these toxic metal ions**% In a
different approach, the HRP-mimicking DNAzyme was split into
two halves, and then recognition sequences for Hg** or adenosine
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Figure 2 | Designs of allosteric aptasensors for application in vitro. (a,b) Schematic representation of allosteric ribozymes or DNAzymes for which ligand
binding induces strand cleavage. Cleavage is detected through a change in fluorescence (a) or a shift in color from blue to red (b). (¢) Self-replicating
RNAs that catalyze each other’s synthesis. At the start of the reaction, substrates A, B, A” and B” and either RNAzyme E, or E, are present. If E, is present,
ligand binding to this oligonucleotide enables ligation of A” and B” to form E,. The latter catalyzes ligation of A and B in the presence of ligand to form E,.
The presence of ligand therefore leads to exponential amplification of E; and E,. (d) Schematic illustration of a DNA hairpin that consists of a ligand-
binding domain fused to an HRP-mimicking DNAzyme. Addition of ligand allows binding of hemin to the HRP-mimicking DNAzyme, leading to catalysis

of ABTS? into the colored [ABTS]"". (e) Allosteric aptasensor design created by fusion of a ligand-binding aptamer to a split variant of the a-thrombin
aptamer. Ligand binding stabilizes a conformation that enables the aptasensor to bind to thrombin, thereby inhibiting the protein’s activity.

were inserted between these halves***!. Both the full-length and split
G-quadruplex sensors showed a strong signal change after addition
of ligand, but their OFF-switching character might turn out to be
a disadvantage for application in some assays. A complex design
in which the HRP-mimicking DNAzyme was used involved four
separate DNA strands*. Addition of ligand triggered a ‘DNAzyme
cascade’ in which a DNAzyme was formed from two strands, which
then recognized and cleaved a third strand, leading to the forma-
tion of two HRP-mimicking DNAzymes. A fourth strand prevented
peroxidase activity in the absence of ligand by hybridizing with
the third strand. Although technically not allosteric, the assembly
from four parts yields a highly modular design that allows the facile
exchange of input domains for a ligand-induced change in enzy-
matic activity.

Compared to the variety of engineered aptazymes, there are rela-
tively few examples in which ligand binding alters the oligonucleotide’s
ability to bind a second effector molecule. The design of an allosteric
aptamer that binds Malachite Green in the presence of ligand showed
great promise to detect small metabolites in cells. Being label free, the
aptamer can be endogenously expressed, and this can be followed by
cellular dye uptake to enable sensing. Although there has been some
recent progress in the palette of fluorophores that light up upon RNA
binding***, no examples of intracellular application of these sensor
designs are available yet, which illustrates the challenges to be over-
come in achieving this rewarding goal.

Besides coupling of two aptamers that bind small molecules,
protein-binding aptamers have been made ligand dependent by
fusion to a recognition element for a small effector. For this purpose,
the G-quadruplex structure that binds to thrombin was also split
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in two parts and combined with the adenosine-binding aptamer to
generate allosteric regulators that either inhibit or enhance thrombin
activity upon ligand binding* (Fig. 2e). In a similar fashion, fusion
of the aptamers for vascular endothelial growth factor or a protein
tyrosine phosphatase to Russell's viper venom factor X activator
(RVV-X) led to allosteric aptamers that inhibited RVV-X upon
binding of their respective ligands*. Despite the allosteric switching
of the aptamers in these examples, the read-outs of the assays are
blood-clotting time and precipitation of microspheres that bind to
clotted fibrin, which will probably complicate widespread applica-
tion. However, these switches clearly show the potential of allosteric
aptamers to regulate protein activity in a ligand-dependent fashion.

Nucleic acid-based logic gates

In addition to the application of allosteric aptamers in vitro to detect
biomolecules, the input and output domains provided by aptamers
and nucleic acid-based enzymes also serve as ideal building blocks
for nanoscale molecular computation. Although such circuits
are unlikely to replace the current von Neumann cycle-based
microprocessors in the near future, DNA computation might
find applications in both the biological and materials sciences
and has the potential to provide control components for autonomous
agents in therapeutics.

Early work included the use of nucleic acid catalysts to gener-
ate Boolean operators based on RNA, either by rational design® or
assisted by computer modeling®'. The potential of these logic gates
was demonstrated by their incorporation in a molecular automa-
ton that could play flawless tic-tac-toe against a human opponent®.
These gates had oligonucleotides as their inputs and a change in
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fluorescence due to strand cleavage as their output, but the approach
was extended to yield gates in which strand cleavage altered the
functional state of an aptamer, thereby releasing a small molecule
or changing the enzymatic activity®. Although this strategy has
not been applied inside cells yet, one can envision its application to
release drugs or inhibit proteins only in the presence of a specific set
of inputs. More recently, the split DNAzyme that forms part of a cas-
cade (see above)* has been used as a logic gate building block®. The
core of this design involves two DNA strands that, upon binding of
a specific input sequence, self-assemble into an active DNAzyme,
leading to cleavage of a fluorophore and quencher-labeled output
strand. A library of split DNAzymes was created that could com-
bine into various enzymes, depending on the provided input strand.
Each output strand was labeled with a different fluorophore, allow-
ing complex gating in which each fluorescence emission spectrum
was the exclusive result of a specific input sequence. Gating was
demonstrated both in parallel and in serial, thereby in principle
allowing the construction of negative or positive feedback loops to
gain control over the amount of released output.

The input of allosteric aptamer-based logic gates is not limited
to oligonucleotides that hybridize with a DNAzyme to alter its con-
formation and enzymatic activity. The aptamers for adenosine and
thrombin have been fused together with an 11-nucleotide linker
to create an OR gate and an AND gate®™. In the absence of ligand,
two complementary DNA sequences bound both of the aptamer
strands, whereas ligand binding of thrombin or adenosine resulted
in displacement of the respective complementary strand, yielding a
change in fluorescence. The earlier discussed self-replicating RNAs
were also shown to function as an AND gate, as a combination of
the FMN and theophylline-dependent enzyme in a single reaction
yielded exponentially amplified product only in the presence of
both ligands®.

One of the first intracellular applications of logic gates based on
allosteric aptamers involved ligand-dependent control over gene
expression in yeast. Central to this design was the full-length HHR,
for which fusion to an aptamer sequence and placement in the
3’ untranslated region (UTR) of a target gene allows ligand-induced
control over the expression of the target gene®. Depending on the
connecting module between the aptamer and the ribozyme, activ-
ity was either enhanced or decreased in the presence of ligand.
Importantly, the use of a connecting module allowed facile exchange
of a theophylline aptamer with a tetracycline aptamer, showing that,
at least for small molecules, the design is fairly modular. By fusing
more aptamers to the ribozyme, and by connecting them both in
different positions and in series or in parallel, the authors obtained
AND, OR, NAND and NOR gates” (Fig. 3). Although for some
gates the difference in gene expression between a single and a dual
input was rather modest (about four-fold), the approach illustrates
the potential for using aptazyme-based logic gates to generate a
desired response to a given combination of inputs.

Intracellular application of allosteric aptamers

Adaptive aptamers that inhibit intracellular proteins or protein
domains have been applied in various contexts in vivo for more
than a decade—a concept that is often referred to as the ‘intramer
approach™°!. The first example of an intracellularly applied allosteric
aptamer was also created more than ten years ago to regulate gene
expression® and inspired researchers to design RNA-based switches.
These switches function similarly to natural riboswitches—they
undergo a conformational change upon ligand binding that alters
the translation efficiency—or contain allosteric ribozymes for which
effector binding yields cleavage of an RNA of interest. The intracel-
lular application of engineered allosteric regulation based on natural
riboswitches has been thoroughly reviewed®-*’; here we focus on
the most recent strategies to alter gene expression with aptazymes in
relation to the organism in which the gene is regulated.
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Figure 3 | Modular logic gate designs based on the HHR. Placement of

an allosteric ribozyme in the 3" end of a gene of interest allowed ligand-
induced removal of the poly(A) tail, providing control over gene expression.
Depending on the connecting modules that are used to fuse aptamers to
different stems of the ribozyme, ligand binding induces switching of the
HHR from the active to the inactive state or vice versa. For the AND gate,
binding of ligands A and B is required for ribozyme inactivation, leading to
gene expression. The ribozyme of the OR gate has a similar design, but the
connecting module between the two aptamers was devised in such a way
that binding of ligand A, B or both all led to deactivation of the enzyme.
The NAND gate is deactivated before ligand binding and activates only
when both ligands have bound to their respective aptamers. Placing two
ribozymes with single inputs in serial creates a NOR gate for which either
ligand A or B suffices for strand cleavage and thus gene downregulation.
Adapted from ref. 56. Reprinted with permission from the American
Association for the Advancement of Science.

Gene regulation in prokaryotes. Most allosteric ribozymes that
are used in in vitro assays contain the minimal motif of the HHR.
This truncated version requires Mg?* concentrations that exceed the
intracellular free Mg?* levels, which complicates its application inside
cells. Elucidation of the crystal structure of the full-length HHR
revealed that tertiary interactions of stem I and stem II are impor-
tant for ribozyme activity and enable cleavage at physiological con-
centrations of Mg** (ref. 68). This has strongly facilitated the success
of using aptazymes that rely on ribozyme cleavage in vivo and has
led to different mechanisms for regulating prokaryotic gene expres-
sion (Fig. 4a,b). By coupling a theophylline-responsive, full-length
HHR to a strand that is complementary to the ribosome binding site
(RBS), gene expression is prohibited in absence of ligand. Both theo-
phylline and thiamine have been used to activate the ribozyme and
liberate the RBS, thereby enabling gene expression®~"! (Fig. 4a).

An alternative approach that has the potential to regulate bacte-
rial gene expression was achieved by inserting an aptazyme into 16S
RNA of an orthogonal 16S rRNA-mRNA pair in Escherichia coli’”®
(Fig. 4b). The addition of thiamine resulted in ribosome activation,
leading to cleavage of 16S rRNA and subsequently to an up to 80%
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Figure 4 | Allosteric ribozymes for regulation of gene expression in
prokaryotes. (a) Allosteric control over ribosome docking to bacterial
mRNA. Introduction of the full-length HHR in combination with a strand
that hybridizes to the RBS at the 5" UTR of prokaryotic mRNA prevented
gene expression when no effector was present. Addition of ligand induces
strand cleavage, thereby liberating the RBS and enabling ribosome docking.
Adapted from refs. 69,70. (b) Regulation of the stability of rRNA of 16S
ribosomal subunit by an aptazyme. Addition of thiamine to bacteria
expressing an orthogonal mMRNA-rRNA pair yielded cleavage of the 16S
rRNA, resulting in sufficient destabilization to prevent gene expression.
Adapted from ref. 72. Reprinted with permission from Elsevier. (¢) Fusion of
an HHR to the 5’ site of a suppressor tRNA that recognizes the amber stop
codon. Ligand binding induces cleavage, allowing aminoacylation of the
tRNA and subsequent incorporation of a serine, leading to synthesis of the
amber-mutated gene. Adapted from ref. 72.

decrease in gene expression. As application of this system requires
the availability of an orthogonal sSRNA-16s rRNA pair, application
in its present form is limited to prokaryotes. Gene expression in
bacteria has also been regulated by coupling an aptazyme to a sup-
pressor tRNA, thereby allowing aminoacylation only after ligand
binding and subsequent release of the ribozyme from the tRNA”*"*
(Fig. 4c). This means that the ribosome stalls at the amber codon of
an amber-mutated reporter gene in the absence of ligand, whereas
ribozyme activation after addition of ligand enables synthesis of the
full-length protein, leading to a large increase in protein synthesis.
This system was first shown in a cell-free translation system using a
minimal motif HHR”, but more recently has been demonstrated in
E. coli with a theophylline-dependent full-length HHR™.

One of the problems with the intracellular application of
aptazymes is the relatively small number of ligands that have been
successfully applied to induce gene regulation. This lack of ligands
is especially true for bacteria, where antibiotics such as tetracycline
and neomycin, which are often used in eukaryotic systems, cannot
be used. The palette of available ligands has been enriched by looking
at the crystal structure of an existing riboswitch and selectively
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randomizing two positions of the add A riboswitch to yield a
system that responded to ammeline (4,6-diamino-2-hydroxy-1,3,
5-triazine) and azacytosine and no longer to adenine”.

A recent application-driven approach involved bacteria contain-
ing a riboswitch that was responsive to the toxin atrazine (2-chloro-
4-(ethylamino)-6-(isopropylamino)-S-triazine)’®””. Aptamers were
introduced in the 5" UTR of the cheZ gene, which controls E. coli
motility, in a strain that also contained an atrazine-metabolizing
gene. This generated bacteria that followed and degraded atrazine
by chemotaxis, allowing their application in contaminated sites. In
addition, the controllable movement of E. coli showed the potential
of aptamer-based allostery to program organisms to autonomously
carry out complex, user-defined tasks.

Gene regulation in eukaryotes. Compared to prokaryotes, eukary-
otic cells use many more processing steps between DNA transcrip-
tion and protein translation. These different levels of regulation
not only allow the cell to precisely control gene expression, but also
provide points at which aptamers can be applied to allow effector-
induced regulation of protein levels (Fig. 5).

Regulation of protein expression at the transcriptional level in
yeast was achieved by fusing a tetramethylrosamine (TMR)-binding
aptamer with an RNA-based transcriptional activator’®. The con-
necting module between the two aptamers was optimized by screen-
ing a small combinatorial library (~10* mutants), yielding a clone
that was ten-fold more active in the presence of TMR.

The allosteric variant of the full-length HHR® was applied to
control gene expression in mammalian cells”. However, instead of
liberating the RBS upon cleavage, placement in the 5" UTR of a gene
allowed cleavage-induced loss of the 5" cap, which decreases ribo-
some recruitment by reducing mRNA stability. Removal of addi-
tional start codons and optimization of the linker between aptamer
and ribozyme through intracellular screening yielded mutants that
showed a reduction in gene expression by a factor of 6.

Placement of a ribozyme in the 3" UTR region of eukaryotic RNA
allows removal of the poly(A) tail after cleavage, which also reduces
mRNA stability. In a first application, a full-length HHR was used
as a logic gate to regulate gene expression in yeast®, whereas a
second study applied the same switches to regulate T-cell growth
in response to drug input®. The allosteric switching behavior was
demonstrated in a mouse T-cell line and in primary human T-cells.
Injection of a hydrogel matrix harboring clonal cell lines containing
the transgene regulatory system into mice even allowed the control
of T-cell proliferation in vivo.

Recently, an internal ribosome entry site (IRES) of mRNA was
modulated in a ligand-dependent fashion to control protein synthe-
sis in vitro®'. After screening for sequences that were important for
successful translation within the IRES of the Plautia stali intestinal
virus, two additional complementary RNA strands were inserted
together with the theophylline aptamer. In the absence of theophyl-
line, one of the inserted strands hybridizes with the IRES sequence,
thereby prohibiting efficient translation of the mRNA. Theophylline
binding forms a loop that induces hybridization of the two inserted
strands, leading to a ten-fold increase in protein expression. The
modularity of the design was shown by exchanging the theophylline
aptamer for the FMN, tetracycline or sulforhodamine B aptamers
without altering the ON-switching behavior upon ligand binding.

Regulation of intron splicing by the insertion of aptamer sequences
can also be an attractive strategy for controlling gene expression,
as the conformation of the pre-mRNA can influence splicing effi-
ciency®. The spliceosome requires different recognition elements
for assembly, and their availability can be made ligand dependent
using an aptamer. Insertion of the theophylline-binding aptamer at
the 3’ splice site of a model pre-mRNA resulted in theophylline-in-
duced repression of splicing®. This study was performed in nuclear
extracts, but control over splicing in vivo can also be achieved by
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Figure 5 | Control over eukaryotic gene expression by artificially designed allosteric RNAs. Aptamers have been integrated at different points in

the natural eukaryotic systems that control processing of nucleic acids to allow effector-mediated control over protein concentration by allosteric
mechanisms. At the transcriptional level, protein expression can be artificially regulated by an aptaswitch consisting of a transcriptional activating RNA
and a tetramethylrosamine (TMR)-binding aptamer. Binding of TMR induces a conformational change, leading to an increase in transcription of the target
gene. The RNA interference pathway can also be modulated. In this approach, allosterically regulated HHRs are fused to Pri-miRNA to allow ligand-
induced control of the generation of MiRNA. In addition, insertion of adaptive aptamers into shRNA results in control over processing of the respective
shRNA by dicer to form siRNAs. Aptamers can also be used to control intron splicing. The pre-mRNA contains two introns that surround an exon with a
premature stop codon. Depending on the position of aptamer insertion in the intron(s), ligand binding either enhances or diminishes removal of the exon
containing the premature stop codon. Here, ligand binding enhances generation of mMRNA with the correct open reading frame. The stability of mRNA
can be regulated by placing allosteric ribozymes in either the 5" or the 3" UTR of the mRNA. Effector-induced cleavage of the cap or poly(A) tail strongly
reduces the stability of the mRNA, leading to its degradation and a subsequent decrease in gene expression.

sequestering the branch-point sequence of the intron upon binding
of theophylline to its target aptamer®. In both cases however, splicing
was not completely inhibited, leading to modest signal changes of
2-5 times the normal value. Larger differences in gene expression
were obtained by inserting a tetracycline-binding aptamer at the
5’ splice site of pre-mRNA in yeast®. The consensus sequence of the
splice site was within the aptamer stem, resulting in tetracycline-
dependent splicing of the respective pre-mRNA. By placing multiple
tetracycline-dependent splice sites in one gene, GFP expression was
reduced by a factor of 32.

In addition to small molecules, proteins have also been used
as effectors for regulating splicing®. Multiple RNA aptamers were
inserted at 12 different positions before and after an exon that
contained a stop codon. Depending on the position, ligand bind-
ing either improved or diminished removal of the stop codon-
containing exon, thereby regulating the expression of the correct
open reading frame. Various protein-binding aptamers were used as
input domains to demonstrate modularity, but there were opposing
effects on gene expression when the aptamers that bind the bacte-
riophage coat protein MS2 and 3-catenin were inserted in the same
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intronic location. Although relatively modest 2-5-fold changes in
expression were observed, an AND gate was created by using two
therapeutic inputs to trigger programmed cell death. This, together
with regulation of T-cell proliferation® and gene knockdown in
yeast cells¥, represents one of a few examples in which researchers
have regulated genes with physiologically relevant functions instead
of demonstrating proof of principle with GFP or luciferase.

The RNA interference machinery in mammalian cells can also
be made ligand dependent. GFP expression was upregulated by cou-
pling a theophylline-responsive aptazyme to a structural analog of
primary microRNA (pri-miRNA)®. Strand cleavage resulted in pro-
cessing of the pri-miRNA by the RNase III enzyme drosha, which
enabled downstream processing. This induced RNA interference
and subsequent knockdown of gene expression.

Further downstream in the interference pathway, cleavage of
short hairpin RNA (shRNA) by the endonuclease dicer was made
ligand dependent in two ways®*’. In both approaches, a theophyl-
line aptamer was inserted at the loop of an shRNA, thereby pre-
venting cleavage of the hairpin and formation of small interfering
RNA (siRNA) in the presence of ligand. In the first approach,
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the anti-theophylline aptamer was fused directly to the shRNA.
This yielded a switch for which GFP silencing was similar to that for
wild-type shRNA in the absence of theophylline, whereas there was
a three-fold increase in GFP expression after addition of the effec-
tor®. The second approach involved a more modular design. Here, a
connector was fused between the shRNA stem and the theophylline
aptamer®. This connector was complementary to part of the shRNA
stem so that ligand binding switched the modified shRNA from an
active to an inactive conformation. Two levels of modularity were
achieved by using the connector. First, the input domain was eas-
ily exchanged, yielding switches that responded to three different
inputs. Second, altering the amount of complementary nucleotides
between the shRNA stem and the connector regulated the level
of silencing in the absence of ligand. This allowed the switching
behavior to be tuned and in principle means that the switch could
be tailored for specific applications.

Intracellular screening. Progress in the intracellular application
of aptamer-mediated allostery has been made not only in regulat-
ing gene expression but also in the selection of switches that show
intracellular activity. Because cleavage rates and switching behavior
of aptamers in vitro are often lower inside living cells”, researchers
moved from in vitro selection®** to intracellular screening.

Dual intracellular screening in E. coli was used to select for ribo-
switches that reduced expression upon ligand binding®. The RBS
was incorporated either within a thiamine pyrophosphate (TPP)
aptamer or in the stem that connects with the 5" UTR. Libraries of
5 x 10°-10* mutant variants with randomized regions in the stem
or between the stem and the start codon were screened, yielding
riboswitches for which ligand binding blocked the Shine-Dalgarno
sequence and switched off gene expression. As stabilization of the
base stem is observed in both natural and synthetic riboswitches,
this screening strategy should also be applicable to generate OFF
switches that respond to other ligands. Another interesting intra-
cellular screening technique used chemotactic bacterial motility as
a read-out in searching for riboswitches”. A library that contained
a randomized region between the theophylline aptamer and the
ribosome binding site was transformed into E. coli and spotted onto
semi-solid selection medium with or without theophylline. E. coli
mutants that moved only in the presence of theophylline were ampli-
fied, yielding switches with up to 25-fold activation. Although this is
a fast method for screening relatively large libraries (>10° members),
it can be difficult to detect the strongest activators of gene expres-
sion by this approach. Alternatively, fluorescence-assisted cell sort-
ing (FACS) has been used to select riboswitches that induce gene
expression in the presence of theophylline®®”’, which in one case
resulted in a mutant that showed an impressive 96-fold activation
of gene expression®.

Yeast is also eligible for intracellular evolution of aptamer-
mediated allostery®®. In a recent study a 74-nucleotide-long RNA
pool containing a randomized region flanked by constant parts
was screened for neomycin binding in six rounds of in vitro selec-
tion. Next, the resulting variants were inserted at the 5° UTR of a
gene encoding GFP and screened for variants in which addition of
neomycin reduced GFP expression. The selected mutant variants
showed high sequence overlap, and the strongest inhibitor showed
downregulation of GFP expression by a factor of 7.5. Interestingly,
the sequences of the obtained mutants showed no obvious simi-
larities to neomycin aptamers that were selected in vitro®, but instead
showed sequence overlap with natural neomycin binding sites.

A disadvantage of using E. coli or yeast in intracellular screen-
ings is that the transformation efficiency generally limits the pool
size to 10°-107 variants, which is small compared to the traditional
10™-10" pool size that is used during in vitro SELEX. Mammalian
cells are easier to transfect, but in these cells it is difficult to deliver
a single mutant into an individual cell. To circumvent this problem,
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mammalian cells were used to screen for allosteric HHRs; this was
followed by extraction of the RNA and in vitro amplification of only
the cleaved mutants'®. Two libraries of HHRs with randomized
regions in either stem II or loop II were subjected to five rounds of
selection, leading to mutants that showed strong inhibition of gene
expression. Although their in vivo performance was comparable
to that of the wild-type HHR, the selected ribozymes were around
100 times slower in vitro, which probably reflected the challenges
involved in increasing selection stringency inside cells.

Discussion and outlook

The multitude of aptasensors and switches that have been developed
for in vitro and intracellular application demonstrate the attractive-
ness of nucleic acids as building blocks for generating allosteric
effectors. In vitro, one can now connect a variety of readouts with
ribozyme or DNAzyme activity and combine this output with a
selected aptamer to in principle detect any ligand of interest with
high sensitivity. Intracellularly, almost all levels at which nucleic
acids are involved in gene expression have been combined with
allosteric aptazymes to make protein expression ligand dependent.

However, there appears to be only a rather limited variation of
aptamer-target pairs that are used again and again by researchers
who seek to obtain proof of principle for their respective new apta-
sensor designs; the most frequently applied aptamer—small molecule
target pairs sense ATP, theophylline, tetracycline and FMN, and
the aptazyme world appears to know even fewer proteins: throm-
bin and perhaps platelet-derived growth factor. This is related to
the fact that early designs of aptameric switches can be considered
as stand-alone where, for example, the connection of subdomains
was optimized specifically for these domains, and adaptation of
the functional mechanism to an alternative, more applicable input
would have required renewed optimization.

In recent years there has been an increasing trend toward
modular designs in which the input domains could be more eas-
ily exchanged, resulting in a larger number of functional inputs. In
addition, examples have become available in which not the design
but the application of the allosteric switch stood central, leading
to aptasensors that go beyond proof of principle—such as the
atrazine-metabolizing bacteria”—or are more tailored to answer
biological questions. Indeed, to develop the atrazine-metabolizing
bacteria, the investigators went through a great deal of effort by doing
in vitro selection, bacterial screening and functional analysis of a
brand-new riboswitch for a real problem—chemical toxin detec-
tion, which represents a good example for other researchers to take
up more demanding challenges in the future. If such application-
driven research can be further combined with the available modu-
lar, well-behaved aptamers and the variety of available logic gates,
one can envision the creation of more complex and interwoven
aptazyme-directed operations that will greatly facilitate diagnostic
and therapeutic research, both in vitro and in vivo.

The successful applications of allosteric aptamers that modulate
protein expression in E. coli, yeast and mammalian cells underlines
their potential as signal transducers in synthetic biology. However,
examples of post-translational regulation by oligonucleotides are
scarce. Inhibition of thrombin activity after adaptive binding of a
ligand to an aptamer was used as a readout in an in vitro assay*, and
a similar example exists for a sniper venom protein®. Neomycin-
induced control over aptamer binding to a DNA-repair protein has
also been demonstrated, but only in vitro'”. It would be interest-
ing to use these aptamers for ligand-induced control over protein
activity in an intracellular setting. If such designs could be made
in a modular fashion, exchange of both input and output domains
would be straightforward and would allow one to mix and match a
specific effector to inhibit a protein of interest. In this way, aptamer-
based allostery could be used to modulate protein activity on mul-
tiple levels and to induce effects at different time scales. Combined
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with logic gate functions, this would enable fully nucleic acid-based
constructs to generate complex intracellular switching pathways,
allowing one to study protein networks inside living cells with high
spatiotemporal resolution.
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