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1. Introduction
Aptamers are single-stranded nucleic acid molecules that

possess properties comparable to those of protein monoclonal
antibodies, and thus are clear alternatives to long established
antibody-based diagnostic or biotechnological products for
research, diagnostics, and therapy.1-4 This class of functional
nucleic acids can fold into complex three-dimensional
shapes,5-7 forming binding pockets and clefts for the specific
recognition and tight binding of any given molecular
target,8-10 from metal ions and small chemicals to large
proteins and higher order protein complexes, whole cells,
viruses, or parasites.

Aptamers can be isolatedin Vitro from vast combinatorial
libraries that comprise trillions of different sequences, by a
process called “in Vitro selection”, or “SELEX”, an acronym
for “systematic evolution of ligands by exponential enrich-
ment”. An in Vitro selection experiment comprises a number
of sequential steps, the first of which is the generation of a
nucleic acid library of random sequences. This starting pool
of mainly nonfunctional RNA or DNA sequences is gener-
ated using a standard DNA-oligonucleotide synthesizer.11 The
design of such libraries involves the synthesis of a short
defined sequence, followed by a random region of variable
length and another defined sequence at the 5′-end. This pool
of synthetic single-stranded DNA (ssDNA) is amplified in
the polymerase chain reaction (PCR), generating several
copies of each DNA in its double-stranded form. Byin Vitro
transcription, a corresponding library of RNA molecules can
be generated which can then be used for thein Vitro selection.
If the transcription reaction contains nucleoside triphosphate
derivatives that are chemically modified but still are sub-
strates for RNA polymerases, libraries of modified RNAs
can be generated in which sequences are equipped with a
broad variety of additional chemical functionalities, normally
not present in natural nucleic acids.12-14 Aptamers selected
from chemically modified libraries can, in some cases, be
completely resistant toward degradation by nucleases. The
additional functional groups can lead to ligands with novel
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physical and chemical properties or can provide additional
handles to be utilized for functional improvement. Appropri-
ate modifications can lead to photo-cross-linkable aptamers
that covalently attach to their cognate proteins. Alternatively,
mixtures of ssDNA or chemically modified ssDNAs can be
generated by omitting the transcription step in the SELEX
procedure. The selection of DNA aptamers adds the chal-
lenge to separate both strands in order to obtain libraries of
ssDNA.15 DNA aptamers are slightly more stable toward
nuclease digestion but seem to be less competent to fold into
ligand-binding scaffolds. Moreover, RNA aptamers have the
advantage of being actively transcribedin ViVo from suitable
templates, whereas DNA aptamers have to be introduced
externally.16 By using combinatorial nucleic acid synthesis,
remarkably complex libraries comprising up to 1016 different
RNA, ssDNA, modified RNA, or modified ssDNA sequences
can be produced at once. This number exceeds the diversity
of antibodies raised by the immune system by several orders
of magnitude.

From this huge diversity, the challenge is to select active
molecules from oligonucleotide libraries of such complexity.
The high pool complexity ensures the presence of oligo-
nucleotide-structures that are complementary to virtually any
shape. Thus, if the pool is incubated with the immobilized
ligand, binding sequences will tightly attach to it, so that
nonbinding ones can easily be removed. Recently, capillary
electrophoresis, among other techniques, has emerged as a
convenient and powerful tool to separate bound from
unbound sequences.17-22 The bound material can subse-
quently be collected, amplified, and used to perform the next
selection cycle. Depending on the nature of the ligand, this
procedure has to be repeated until the desired ligand-specific
aptamers have been enriched. Particular aptamers can then
be obtained from the enriched library by cloning and their
sequence can be elucidated by standard sequencing protocols.

Besides the possibility to perform the selection itself with
modified nucleic acid sequencesswhich depends on whether
the replicating enzymes accept the modified templates and
monomer substratessindividual aptamers can also be equipped

in a modular manner with additional functions23-25 and
therefore can be specifically tailored for many potential
applications in biotechnology, molecular medicine, and
molecular biology. Moreover, with affinities in the nanomolar
to picomolar range, aptamers can bind their target molecules
with specificity similar to that of the antigen binding
fragment of monoclonal antibodies. As RNA molecules,
aptamers can be simply synthesized by the cell’s own
transcription machinery.26 Due to their high affinities, they
represent excellent candidates for highly specific inhibitors
of signal transduction, cell growth, transcription, or viral
replication. While nucleic acids in cells and in the blood
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degrade rapidly, chemically modified aptamers or aptamers
expressed in a certain structural context show dramatically
increased stability profiles and are often resistant to nuclease
digestion. With the development of appropriate gene transfer
systems, the use of intracellular aptamers, or intramers,16,27

can also be considered in gene therapy procedures to combat
infectious diseases and in cancer therapy. An advantage of
the nucleic acid-based system would be its greater safety.
Being an RNA molecule, provoking cytotoxic immune
reactions induced by aptamers have not been observed yet,
since the normal protein presentation pathway via T cells
does not apply.

Since the first examples of the use of combinatorial nucleic
acid libraries for thein Vitro selection of specific ligand
binding RNAs in 1990,28,29 considerable progress has been
achieved in this field. Nucleic acid aptamers for more than
a hundred different targets have been described,30 showing
that aptamers can now routinely be obtained for almost every
desired target.30 Aptamer technology is currently in a state
in which it demonstrates its potential as a tool for widespread
applications in aspects of biotechnology, biomedical research,
molecular medicine, diagnostics, and imaging.

In this review, we provide a comprehensive update of some
novel and promising developments ofin Vitro selection and
aptamer, intramer, and allosteric ribozyme technology. A
description of recently discovered natural aptamers, or
riboswitches, is also included.

2. Aptamers

2.1. Aptamers as Protein Detecting Reagents
Aptamers have been shown to bind their cognate targets

with high specificity and affinity. Dissociation constants can
range from micromolar to sub-picomolar values. Moreover,
in most cases, aptamers not only bind their cognate protein
but also inhibit its function efficiently. Structural data for
several aptamer/protein complexes have given insight into
the mode of molecular recognition between aptamers and
their protein targets that in turn has provided a rationale for
the associated inhibitory mechanism. Among them are the
crystal structures of the complexes between humanR-throm-
bin and its 15-mer DNA aptamer quadruplex,31 the structure
of human immunodeficiency virus type I reverse transcriptase
complexed with its RNA pseudoknot aptamer,32 the NFκB
p50 subunit and its high affinity aptamer,33 and the structure
of the anti-RNA polymerase II aptamer FC complexed to
RNA polymerase II from yeast34 (Figure 1). The latter
structure, for example, is of relevance for the understanding
of gene regulation by natural noncoding RNA molecules
(ncRNAs) that bind and inhibit cellular RNA polymerases.35

Among these is the B2 RNA from mouse, a 178-mer ncRNA
that binds Pol II and inhibits transcription of certain genes
during heat-shock.36,37 Because FC and B2 RNAs bind
overlapping sites in the Pol II cleft that is also part of the
binding site for nucleic acids in an elongation complex, the
structure suggested that both the aptamer inhibitor and B2
might prevent DNA entry into the polymerase cleft during
initiation. Thus, the template is prevented from reaching the
active center and transcription cannot start34 (Figure 1).

Thus, aptamers represent an interesting class of inhibitory
compounds that are readily accessible and can be used for
assessing the function of defined protein targets. In fact,
owing to the increasing demand for protein inhibitors in the
postgenome era, selection routines compatible with automa-

tion have been established that allow highly parallel aptamer
selections to be performed on several targets at once within
a few days.41-45 The ease by which aptamers can be
engineered and chemically modified predisposes them as

Figure 1. Inhibition mechanism of the anti-Pol II aptamer FC* as
proposed by Kettenberger et al.34 (A) Secondary structure of the
FC* aptamer, a truncated version of the FC aptamer,38 that binds
RNA polymerase II from yeast (Pol II) with high affinity. The color
code is the same as in parts B and C. (B) Nucleic acids in the Pol
II elongation complex share an overlapping but not identical binding
site. The Pol II-FC* RNA complex structure was superimposed
on the structure of the complete Pol II elongation complex.39

Phosphate groups at the same location are labeled. The view through
this figure is from the side. (C) Inhibition of open complex
formation. The upstream region of the DNA promoter in the closed
and open complex was modeled on the bacterial RNA polymerase-
promoter complex40 and was extrapolated in the downstream
direction. The downstream region of promoter DNA and the
template strand in the bubble region of the open complex were
modeled according to the complete Pol II elongation complex.39

FC* RNA is shown as a molecular surface.
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viable tools for applications that require precise and reliable
molecular recognition. Aptamers were employed in western
blot assays, FACS analysis, and enzyme-linked assays,
showing that they are sophisticated reagents for these pur-
poses. On the other hand, no aptamer has been reported at
the present time that is supplied with commercially available
diagnostic kits or diagnostic reagents. A plethora of aptamers
directed against diagnostically relevant proteins46-60 (for
reviews, see refs 14 and 61-63) bear the potential to be
applicable in diagnostic assays. In recent years, various
aptamer-based diagnostic assay formats have been developed,
some of which will be highlighted in the following chapters.

2.1.1. Aptamers in Standard Diagnostic Assays

There are several diagnostic applications and assay formats
in which aptamers have proven their value as diagnostic
tools. These comprise western blot analyses, immunopre-
cipitation (oligonucleotide-precipitation) assays, flow-cy-
tometry, and use as affinity reagents coupled to solid matrices
allowing the purification of proteins from crude samples. For
such applications, aptamers have been successfully proven
and revealed properties equal or sometimes even superior
to those of antibodies. Drolet et al. described the use of
an aptamer in an enzyme-linked immunosorbent assay
(ELISA)-like format (Figure 2) by employing an aptamer
that binds to the vascular endothelial growth factor (VEGF)
protein.64

By this means, they made use of the easy chemical
modifiability of aptamers. With a 5′-biotinylated variant of
the aptamer, the authors demonstrated that visualization of
target bound aptamers in microtiterplates can be achieved
by horse radish peroxidase coupled streptavidin (HRP-SA)
and enhanced chemiluminescence-based (ECL) detection
systems, similar to common antibody applied chemistry.
They confirmed that the aptamer provides comparable results
to the antibody-based assay. This proved the aptamer as an
effective tool for molecular diagnostic applications enabling
the measurement of the concentration of its target protein in
biological samples. Other publications followed and suc-
cessfully reported the use of different aptamers binding to

L-selectin, tenascin-c, and thyroid transcription factor 1
(TTF1) in identical assays, allowing the specific and sensitive
detection of their cognate targets.65-67 Landegren and co-
workers used an ingenious approach to considerably enhance
the detection limits of enzyme-linked aptamer-based diag-
nostic systems.68-70 Being nucleic acids, aptamers offer a
simple but effective route to combine their specific binding
properties with the sensitivity of real-time quantitative PCR.
Upon binding, two different aptamers that target two distinct
epitopes of a protein or protein complex come into close
proximity. Subsequently, the free 3′- and 5′-ends of the two
aptamers can be ligated by a complementary splint oligo-
nucleotide added to the reaction mixture. Finally, the
resulting ligation product can be amplified with two primers
specific for each of the aptamer sequences in real time
(Figure 3). The authors demonstrated that as few as 400
attomoles of the target protein can be detected by this assay,
thereby making it 1000-fold more sensitive than a conven-
tional ELISA.68 Recently, the technology has been further
improved with respect to sensitivity and specificity by using
three recognition events in the so-called triple binder
proximity ligation assay71 (3PLA). The general concept of
proximity ligation has also been extended to antibody-
mediated recognition events.72

The compatibility of aptamers with whole cell staining
methods has been shown in several publications. For these
studies, aptamers targeting different cell surface proteins were
used as a fluorescent labeled variant to detect and visualize
their target on distinct cells.73-75 In a study presented by
Davis et al., CD4 interacting aptamers were labeled either
with fluorescein or phycoerythrin and applied to selectively
stain CD4 expressing cells in flow cytometry.76 In a very
similar approach, Ringquist and Parma used an L-selectin
binding fluorescein-labeled aptamer to visualize CD62L-
positive leukocytes by FACS analysis.74 Both studies dem-
onstrated that aptamers are able to interact with the target
molecule on cell surfaces and can be specifically used to
detect the target expressing cells in flow-cytometry ap-
proaches. Building on previous results, Blank et al. used flow
cytometry to monitor the progression of anin Vitro selection
experiment.75 Aiming at the identification of new tumor

Figure 2. Aptamer-based ELISA technology:64 A primary capture
antibody is immobilized to the plate. After blocking, serum
containing the analyte is added. Captured analyte protein can be
detected by using analyte-specific aptamers. For detection, the
aptamer can be labeled by a fluorophore. In addition, secondary
enzyme-linked antibodies that recognize the fluorophore have been
used successfully for signal amplification.

Figure 3. Principle of the proximity ligation assay. Two aptamer-
based affinity probes (black) recognize different epitopes of the
target protein. The affinity probes are linked to sequences (blue)
which are complementary to the connector oligonucleotide (red).
After addition of an excess of the connector, ligation of the affinity
probes is facilitated due to increased local concentration of both
probes. The ligated product is subsequently amplified and detected
by PCR, allowing the quantification of minute amounts of target
protein.
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markers with a potential application in the diagnosis of
glioblastoma brain tumors, the authors developed a SELEX
procedure using living cells as targets for SELEX. FACS
analysis was applied to monitor the selection of ssDNA
aptamers binding to the SV40 transformed endothelial cell
line. They demonstrated that the identified aptamers are
specific for cryostatic sections of experimentally induced
glioblastoma tumor vessels while no interaction with normal
endothelial cells was observed.75 In a further study, the
authors used the aptamer as a tool to allow the identification
of the native protein target on the cell surface. Coupled to
magnetic beads, the aptamer was employed as an affinity
reagent for the capturing of the previous unknown protein
from cellular fractions. Followed by SDS-PAGE and mass
spectrometry analysis, the target protein pigpen was identified
as the cognate target of the aptamer. A similar approach was
recently followed by Gold and co-workers, where tenascin-c
was identified to be the native target after cell-based SELEX
experiments.67

An impressive example using aptamers forin ViVo imaging
was provided by Charlton et al.77 They employed a99mTc-
labeled ssDNA aptamer directed against human neutrophil
elastase (hNE) for diseased tissue imaging in a rat model.
hNE is a serine protease that plays a crucial role in
inflammatory diseases such as septic shock or acute respira-
tory distress syndrome (ARDS). In the study, the aptamer
exhibited an improved signal-to-noise ratio compared to an
anti-elastase IgG antibody frequently used in the clinic for
in ViVo imaging of inflammatory sites. A99mTc-labeled
aptamer that binds tenascin (Figure 4), an extracellular matrix
protein which is often used as a tumor marker, was recently
shown to be taken up by a variety of solid tumors including
breast, glioblastoma, lung, and colon.78 This result suggests
possible clinical applications of labeled aptamers in imaging
and therapeutics.

The use of aptamers for western blot analysis was shown
in two recent studies.65,66 Here, biotinylated variants of
aptamers targeting either L-selectin or TTF1 were used and
allowed to interact with their cognate targets after SDS-
PAGE and western blotting followed by incubation with
horseradish peroxidase-tagged streptavidin. The studies
underline the feasibility of aptamers for the sensitive and
specific detection of their target molecules even in crude cell
lysates.65,66,79 Due to the denaturing conditions applied by
SDS-PAGE, it is still unclear how the aptamers interact with
their target molecules blotted to the transfer membranes.
Aptamers are thought to interact with defined three-
dimensional structures rather than short peptide epitopes.
However, it remains elusive whether the aptamers recognize

defined epitopes that are even accessible in the denatured
state of the protein (as antibodies do) or the proteins are able
to refold at least to some extent into their native structures
after blotting. In the latter case, western blot analysis with
aptamers will be limited to a small number of proteins
capable of refolding after denaturing SDS-PAGE. More data
is needed in order to provide a more comprehensive picture
about the applicability of aptamers in western blot analysis.

2.1.2. Aptamers as Capture Ligands

Due to their properties of binding with high affinity and
specificity to a target molecule, aptamers are well suited for
the preparation of affinity columns for protein purification
as well as capture ligands on surfaces for biosensor applica-
tions.

An example that introduced the applicability of aptamers
in affinity chromatography was reported by Romig et al.65

In this study, the authors used an anti-L-selectin DNA
aptamer and attached it to a solid support, thus creating an
affinity matrix specific for L-selectin. They applied this
matrix for the purification of L-selectin from Chinese hamster
ovary cell-conditioned medium and demonstrated that the
aptamer capture is sufficient to purify the protein to near
homogeneity. Further approaches addressing the purification
of proteins using specific aptamers include proteins such as
TTF1, tenascin-c, and pigpen. A slightly different application
utilizes aptamers as solid supports during HPLC and the
selective purification of enantiomers.80,81 Peyrin and co-
workers used aptamers and constructed chiral stationary
phases (CSP) for the separation of enantiomers of peptides
and small molecules, such asL-tyrosineamide.80,81The given
examples and other applications of aptamers, such as
stationary phases for capillary electrophoresis,82 illustrate that
aptamers are flexible tools suitable for various applications
that require sophisticated ligands.

A prominent application of aptamers is their use as capture
ligands on the surface of biosensors or on microarrays. In
an initial study, Ellington and co-workers demonstrated the
general feasibility of aptamers for biosensor applications.83

In this study, the thrombin/aptamer system was used by
covalently immobilizing a fluorescence-labeled anti-thrombin
aptamer on a glass support and measuring the changes in
the evanescent-wave-induced fluorescence anisotropy of the
immobilized aptamer upon interaction with thrombin. A
similar approach was recently reported by the Archemix
Corporation.84 They used different fluorescently labeled RNA
aptamers and showed specific detection in a muliplex format
of the corresponding targets in human serum and cellular
extracts.

The thrombin aptamer system was also used by Lee et al.
to assemble a fiber-optic microarray biosensor.85 The thrombin-
binding aptamers were bound to silica beads and loaded on
the distal tip of an imaging fiber. After incubation with
fluorescently labeled thrombin, the interaction could be
visualized by interconnection of the imaging fiber with a
modified epifluorescence microscope system.85

In a different study, Liss et al. constructed a quartz crystal-
based biosensor that can be used to detect low levels of IgE
in body fluids, in real time.86 In comparison to antibody-
mediated sensing, it turned out that the aptamer-based
detection is more robust and stable with respect to regenera-
tion protocols. Since aptamers are relatively small (5-25
kDa) when compared to antibodies (∼150 kDa), they can
be coupled on surfaces with higher densities, resulting in a

Figure 4. Secondary structure and modification of the 39-mer
tenascin aptamer. All pyrimidine residues (gray) contained a 2′-F,
2′-deoxy modification. Purines contain 2′-OCH3 modifications,
except the four obligatory 2′-OH guanosines and the 5′-G (arrows).
The 5′-G also contains a 5′-NH3 group as an anchor to introduce
modifications for99mTc-labeling. In addition, this aptamer bears a
3′-3′-cap for exonuclease protection. The G6-C13 helix was closed
by a non-nucleotide hexaethylene glycol spacer without affinity
loss.
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high dynamic detection range. A recent report underlined
the repetitive use of aptamer biosensor arrays employing
aptamer targeting lysozyme, ricin, and the HIV-1 rev
protein.87 Ellington and co-workers constructed a chip-based
microsphere array that has been previously shown to be
capable of detecting nucleic acids.88 Despite the repetitive
denaturation of the sensor surface with urea containing
EDTA, the signal intensities of anti-ricin aptamer beads were
still stable and comparable.87 Schlensog et al. constructed a
biosensor system based on the surface acoustic waveslove
waves.89 Using the thrombin/aptamer and the HIV-1 rev/
aptamer as model systems, they demonstrated that the
detection limit of the love-wave sensor is 75 pg/cm2, thus
being 40-fold more sensitive than the quartz crystal sensor
described above.86 In a further study, the thrombin aptamer-
based SAW sensor was used to monitor and to investigate
the mechanisms of ternary complex assembly by heparin,
antithrombin III, and thrombin.90 A similar SAW-based
sensor was also shown to be capable of discriminating single
mutations in cancer gene fragments.91

An attractive alternative approach was demonstrated by
Gold and co-workers at Somalogic (Boulder, Colorado).
These researchers developed and improved aptamer-based
microarray technologies by introducing so-called photo-
aptamers.92 These aptamers comprise photoreactive 5-bro-
modeoxyuridine (BrdU) functional groups, and after binding,
these aptamers can be covalently cross-linked to their cognate
target molecule by UV irradiation93,94 (Figure 5). Thereby,
harsh washing conditions can be employed to remove
background and nonspecifically bound proteins from the
array surface. As a consequence, the results obtained with
the photoaptamer arrays reveal superior signal-to-noise ratios
and low limits of quantification; hence, even low-abundant
proteins can be visualized by common protein staining
methods.

Recently, Petach and co-workers described the application
of a multiplexed photoaptamer array.95 In this study, the
authors examined 17 photoaptamers printed on an array
surface. They demonstrated that the array of photoaptamers
allows the simultaneous measurement of multiple proteins
in serum samples. Interestingly, the study revealed that the
detection limit of an analyte protein correlates with the
dissociation constant of the photoaptamer.95 This report
represents the first comprehensive study on aptamer-based
microarrays and underlines, together with more recent
studies,90,96-99 the feasibility of aptamers for such applica-
tions. However, a disadvantage of the cross-linking approach
is that an array can only be used once.

The aptamer-based sensor systems we reviewed above
were designed and used to allow the detection of biological
macromolecules. Complementary approaches are sought that
make use of direct changes in fluorescence signaling upon
ligand binding, when investigating small molecule probes.
In an initial attempt, Ellington and co-workers incorporated
a fluorescent label into a RNA library and isolated aptamers
that reveal a change in fluorescent signaling upon ATP
binding.100 Another approach was pursued by Yamamoto and
Kumar. They used a bimolecular system consisting of a
fluorescent donor molecule and a quencher molecule attached
to the 5′- and 3′-ends, respectively, of the RNA aptamer.
This system allows the visualization of Tat protein binding
to the RNA, since complex formation causes the structural
rearrangement of the RNA aptamer and hence an increase
in fluorescent signaling.101,102 A similar approach was
established by the Stojanovic laboratory. They constructed
an aptamer-based sensor for cocaine by exploiting the
detailed understanding of a DNA aptamer that was previously
shown to be stabilized through ligand binding. Using the
donor and acceptor fluorophore system, they constructed an
efficient cocaine-specific sensor, in which fluorescence
intensity decreases through cocaine binding.103

In a recent publication, a more general concept for
detection of target molecules was introduced. The authors
used a previously selected aptamer for the triphenylmethane
dye malachite green (MG).104,105Further studies showed that
malachite green changes its conformation if bound to
RNA,106,107 together with the finding that fluorescence
emission of the dye is enhanced greater than 2500-fold if
complexed by the aptamer.108 In their study, Stojanovic and
Kolpashchikov connected already known aptamer sequences
for small molecules such as ATP, FMN, and theophylline
to the malachite green aptamer.109 The connection of both
domains was carried out by using so-called communication
modules, as already known from the generation of ribozymes
regulated by ligands, designated as aptazymes (see section
4.1). These short segments are fused between the two
aptamer sequences to communicate a binding event from one
domain to the other (Figure 6). Specifically, binding of the
target molecule induces formation of a stem that, in turn,
stabilizes folding of the malachite green aptamer. Hence,
fluorescence from aptamer-bound MG is only observed in
the presence of the target molecule. The advantage of the
approach relies on the possibility to apply these sensors easily
in living cells, for example by expression of the RNA
constructs. Although the general applicabilityin ViVo remains
to be proved, this design should enable the detection of a
broad range of target molecules. The same MG-binding
aptamer was applied by Liu and colleagues to create an
artificial genetic switch110 by combining the malachite green
(MG) aptamer105,111 with an RNA-based transcriptional
activation domain.112 The RNA domain for transcriptional
activation showed a 10-fold increased activity in the presence
of the cell-permeable dye.

2.2. Aptamers as Therapeutics
It is also feasible to use aptamers directly as drugs. The

therapeutic application of aptamers was discussed in several
previous reviews,9,14,115-123and the past years have seen many
potential applications of aptamers as therapeutic agents in
model systems.25,67,124-127 Except for the anti-VEGF aptamer-
based drug Pegaptanib sodium or Macugenswhich has
completed clinical phase III trials128 and was approved in

Figure 5. Aptamers containing 5-bromodeoxyuridin groups (BrdU)
can be covalently cross-linked with their target proteins by
irradiation with UV light (308 nm).
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2004 by the FDA129sno aptamer-based drug has appeared
on the market since the discovery of aptamers in 1990.
However, during the past few years, considerable progress
was made regarding the pharmacology and toxicology of
aptamers.130 Besides the artificial,in Vitro selected aptamers,
RNA and DNA decoy molecules that mimic a transcription
factor binding site are used as promising therapeutic
molecules.131-134

One of the most prominent therapeutic aptamers is
Macugen or Pegaptanib, an aptamer directed against vascular
endothelial growth factor (VEGF).135 Retinal function re-
quires a strict control of fluid and electrolytes within cells
and the extracellular space. The organization of this control
is maintained by the blood-retinal barrier, which is analo-
gous to the blood-brain barrier. The VEGF is a soluble
factor, released from ischemic retina, and causes blood-
retina barrier breakdown and neovascularization (NV). The
level of VEGF is up-regulated in patients with age-related
macular degeneration (AMD) and diabetic retinopathy. The
inhibition of VEGF would likely inhibit the development of
macular edema, and retinal and choroidal NV, leading to
loss of vision in patients with AMD or diabetic retinopathy.
Several approaches to inhibit VEGF were used in the past
few years, including small molecules,136 peptides,137 antibod-
ies, and engineered ligands.138-140 VEGF was one of the first
targets for the development of aptamer-based therapies.24,141-143

A modified version of the anti-VEGF aptamer is a nuclease-
resistant, PEGylated, short 2′-F- and 2′-methoxy-modified
RNA oligonucleotide that was previously identified by Janjic

and colleagues.142 The ribose bears different modifications
at the 2′-position: The pyrimidines now carry a fluorine
moiety, and the purines susceptible for derivatization with
an O-methyl group were identified by a so-called post-
SELEX approach. Except for two unmodified adenosine
bases, all purine 2′-hydroxy groups are substituted with 2′-
O-methyl groups. Furthermore, the 2′-O-methyl substitution
increased the affinity of the aptamer for VEGF by 17-fold.
The stability of the aptamer is further enhanced by adding a
deoxythymidine to the 3′-terminus via a 3′-3′ linkage.
Advantageously, PEGylation of the aptamer reduces its
dosing frequency by extending the half-life of the aptamer
in body fluids,144 increases its solubility, and reduces
immunogenicity (Figure 7).

Macugen represents the first aptamer-based drug for the
treatment of exudative age-related macular degeneration
(AMD), and the aptamer succesfully passed through pre-
clinical and clinical studies.135,145In the meantime, conditions
that allow for the direct selection of 2′-O-methyl transcripts,
as opposed to the laborious post-SELEX approach, have been
developed. Burmeister et al. selected a fully 2′-O-methyl-
modified aptamer from a library of 3× 1015 unique 2′-O-
methyl transcripts for a 23 nucleotide long sequence,
ARC245, that binds VEGF with aKd of 2 nM and inhibits
VEGF function in cell culture assays.146 With the same
approach, aptamers to multiple target proteins, including
interleukin (IL)-23 and thrombin, have been successfully
isolated.147

Figure 6. A modular aptameric sensor, composed of the malachite green and flavin mononucleotide (FMN) binding aptamers. (A)
Secondary111 (left) and tertiary104 (right) structure of the malachite green aptamer. Front view of the tertiary structure: red, bound ligand;
orange, canonical G8:C28 base pair; cyan, A26.U11:A22 and A27.C10:G23 base triples; blue, the G24.A31.G29:C7 base quadruple; magenta,
the perpendicularly stacking A9 and A30 adenosines; green, bound strontium ions. (B) Secondary113 (left) and tertiary114 (right) structure
of the FMN aptamer. The view looks into the major groove of the FMN binding site in the center of the complex. Yellow, intercalated
FMN; orange, sugar-phosphate backbone; gray, stem and U-U-C-G hairpin bases; blue, internal loop bases except for the G10‚U12‚A25
base triple (purple). (C) The coupled fluorescent probes for the detection of an aptamer-bound ligand109 consist of a module that binds to
the dye malachite green, a communication unit, and a detector module, which binds to flavin mononucleotide (FMN). The binding of FMN
to the detector unit induces helix formation in the communication module. This helix completes the structure required to bind to the dye,
which fluoresces only when it is attached to the probe.
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Another aptamer that may be useful in hematology is a
15-nucleotide, G-quadruplex-forming DNA aptamer that
efficiently blocks the proteolytic activity of thrombin, a serine
protease involved in thrombosis and hemeostasis.15,148 The
anti-thrombin aptamer was one of the first aptamers tested
in animal studies in the early 1990s.149,150For example, Li
et al. demonstrated that the aptamer leads to rapid antico-
agulation and thus represents an excellent alternative to
replace heparin in a canine cardiopulmonary bypass model.151

Recent studies involved the analysis of the aptamer and its
properties as a thrombus-imaging reagent.152

Recently, we developed light sensitive variants of the anti-
thrombin aptamer.153 These aptamers bear a photolabile
protecting group, or “cage”, at distinct positions that can be
efficiently removed by UV-A light at 366 nm. In this way,
we constructed light activatable as well as light deactivatable
caged anti-thrombin aptamers.154-156 The latter molecule
represents the first anticoagulant with a light sensitive
antidote activity (Figure 8). Caged aptamers might enable
an excellent way to exogenously regulate aptamer activity
in a spatio-temporal manner and thus gain spatio-temporal
control of protein function. We also used derivatives of
porphyrins that are known to interfere with G-quadruplex
formation. We demonstrated that these molecules revert the
anticoagulatory activity of the anti-thrombin aptamer in a
concentration-dependent manner.157

In a different study, Sullenger and colleagues have
described the identification of 2′-fluoro-2′-deoxypyrimidine-
modified RNA aptamerssa known approach to attain nu-
clease-resistance of RNAs12sthat interact with the coagu-
lation factor IXa and antagonize its blood clotting activity.158,159

The aptamer binds factor IXa with aKd of 3 nM and exhibits
high specificity compared to other coagulation factors. The
truncated version of the anti-factor IXa aptamer (9.3t) was
PEGylated and successfully established as an inhibitor of
blood clotting in standard blood clotting assays and in plasma
samples from patients who have developed an immunological
response to the commonly used anti-blood clotting drug hep-

arin (HIT, heparin-induced thrombocytopenia). The authors
demonstrated that the aptamer Peg-9.3t significantly prolongs
the plasma clotting time. Being a nucleic acid and based on
the sequence information of the aptamer, generation of an
antidote of the aptamer activity was achieved by applying a
complementary oligonucleotide to the aptamer sequence
(antidote 5-2). The aptamer anticoagulation activity was
efficiently and quickly reversed by the antidote 5-2 when
assayed in patient samples under clinical conditions. This
study provided an alternative approach for aptamers in drug
development and the application of aptamer-antidote pairs
whenever regulation of inhibitory activity is needed. The
simplicity by which antidotes against therapeutic aptamers
can be designed adds significant value to aptamer-based
drugs and distinguishes aptamers from other drugs currently
used in clinical practice. This is further illustrated by a
follow-up study, in which the anti-FIXa-aptamer-antidote
pair was shown to work reliably also in two clinically
relevant animal models: a porcine anticoagulation model and
a murine thrombosis model.160 Problems associated with
moving fromin Vitro studies to applicationsin ViVo include
rapid clearance from circulating blood and blood nucleases,
which would rapidly hydrolyze both aptamer and antidote
before they even reached their target in the bloodstream. The
strategy to increase the plasma residence time was to attach
a cholesterol group161 to the aptamer (Figure 9).

Indeed, the cholesterol-modified aptamer showed a clearly
extended blood residence time as compared to the nonderiva-
tized version and also increased the clotting time in pigs.
The antidote neutralized this effect within a short time
window. Rusconi et al. subsequently applied a murine arterial
injury model and found that the aptamer also prevented
occlusive thrombus formation compared to control mice that
were treated with a nonfunctional aptamer mutant. Further-
more, the aptamer-antidote pair controlled bleeding, in-
duced by surgical trauma in mice that had been treated with
high doses of the aptamer. When the antidote was admin-
istered immediately after injury induction, blood loss was
significantly reduced and the procoagulant activity of FIX

Figure 7. Secondary structure and modifications of the anti-VEGF
aptamer pegaptanib (Macugen). Bold gray nucleotides represent
2′-deoxy-2′-fluoro nucleotides whereas bold black nucleotides are
2′-O-methyl nucleotides. The two adenosine residues shown in italic
black are ribonucleotides. The 5′-position contains a 40 kDa
polyethylene glycol (PEG)-linker, wheren is approximately 450.
At the 3′-end, a 3′-3′-dT (Cap) structure was added.

Figure 8. An anti-thrombin aptamer that can be inactivated by
light. (A) The G-quadruplex structure of the anti-thrombin aptamer
was elongated by an antisense sequence whose base pairing
properties are hampered by the site selective incorporation of a
caged cytidin nucleobase that contains a photolabile protecting
group (NPE: o-nitrophenylethyl), representing a temporary mis-
match. (B) Upon irradiation by UV-light, the photolabile protecting
group is removed and annealing of the complementary sequences
occurs, thus rendering the aptamer inactive.
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was immediately restored due to inactivation of the apta-
mer’s capacity to bind FIXa. These results further demon-
strate the high potential of aptamer technology for drug
development.

The modification of the 2′-hydroxyl group of the sugar
ribose is straightforward and sufficient to enhance the
stability of a RNA moleculein ViVo and in living organisms.
Other potential sites for chemical modification that may be
beneficial for the properties of therapeutic aptamers are the
purine and pyrimidine residues,162-175 sugars,176-180 and
phosphate residues,181 which all have been shown to be
compatible with template-directed enzymatic incorporation
into DNA and with all necessary steps required for a
completein Vitro selection cycle.175,182In general, modified
nucleotides are increasingly being utilized in all categories
of therapeutic oligonucleotides to increase nuclease resis-
tance, target affinity, and specificity.183 As summarized in
Figure 10, 2′-amino,47,184-187 2′-fluoro,124,186,188,1892′-meth-
oxy,147,190 and 4′-thio180 groups have been used directly in
SELEX experiments to increase the stability of aptamers.
Stabilization can also be achieved by introducing chemical

modifications “post-SELEX”,23,191for example, by substitut-
ing phosphorthioates,192 locked nucleic acids191,193 (LNA),
or multivalent circular aptamers.194-196

Bugaut et al. recently reported an elegant way to enhance
the chemical diversity of RNA libraries.197 They used an
RNA library with 2′-deoxy-2′-aminouridine nucleobases and
further modified these positions with a set of three different
aldehydes in a random fashion. After incubation with the
target molecule and elution of the bound RNA species, the
aldehydes were removed and the RNA was subjected to RT-
PCR andin Vitro transcription. This approach allows a simple
but effective way to further enhance the chemical versatility
of nucleic acids without the necessity to be compatible with
the enzymatic steps of thein Vitro selection procedure.

A different approach for aptamer stabilization was intro-
duced by Fu¨rste and co-workers,198 and independently by
Bartel and colleagues.199 Here, the metabolic stability of
aptamers was increased by employing nucleic acids consist-
ing of L-nucleotides. The correspondingL-aptamers, desig-
nated as Spiegelmers, have been shown to almost resist
degradation by nucleases.130 In this way, PEGylated Spiegelm-
ers that specifically antagonize gonadotropin-releasing hor-
mone (GnRH) exhibited plasma half-lives of up to 14 h in
rats and thus are superior to the use of 2′-F-pyrimidine RNA-
aptamers.200 Wlotzka et al.’s investigation of the preclinical
ADME parameters of the anti-GnRH Spiegelmers in rats
produced encouraging results. The biological efficacy of the
anti-GnRH Spiegelmer was similar to that of the marketed
reference compound Cetrorelix (Cetrotide; ASTA Medica
AG) albeit 1000 times higher doses of the Spiegelmer were
administered.200,201Another promising Spiegelmer target is
ghrelin, a potent stimulant of growth hormone release, food
intake, and adiposity.202,203 This Spiegelmer was recently
shown to reduce obesity in diet-induced obese mice.204,205

A further advantage of the Spiegelmer and aptamer thera-

Figure 9. Mechanism of the aptamer-antidote pair. The aptamer is stabilized by a 3′-3′-linked deoxythymidine at the 3′-end and by
2′-fluoro-2′-deoxy modifications at every pyrimidine residue. It carries a cholesterol modification at the 5′-end to increase the plasma
residence time. The aptamer binds to activated factor IX (FIXa) and prevents the proteolytic cleavage of factor X (left). In the presence of
the antidote (gray sequence), the aptamer is released from FIXa (right). Together with activated factor VIII (VIIIa), FIXa catalyzes the
cleavage of factor X to yield activated factor X (Xa), which is required for continuing the blood clotting cascade: with factor Va, Xa
cleaves prothrombin to yield thrombin, which catalyzes cleavage of fibrinogen to yield fibrin. Cross-linked fibrin forms the clot.

Figure 10. Summary of chemical modifications introduced into
aptamers. In LNA, the 2′-O and the 4′-C are bridged by a methylene
group (gray).
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peutic approaches is that almost no adverse immune re-
sponses were detected in monkeys and rats, which thus
indicates that nucleic acids, in the guise of aptamers, are
well tolerated.

Besides the well documented and published results de-
picted above, there are more aptamers and decoy oligonucleo-
tides, sequences that mimic natural DNA binding sites of
proteins such as transcription factors, currently under clinical
investigation.128 Among them, the company Aptamera
launched clinical trials of a G-quartet-containing aptamer
targeting nucleolin206 for the treatment of cancer. Corgentech
started clinical trials using E2F decoy aptamers for the
treatment of cardiovascular diseases and the prevention of
vein bypass graft failure.207,208Next to the decoy approaches,
there are several companies, such as Hybridon and Dynavax,
currently dealing with immune-stimulatory sequences. These
DNA oligonucleotides contain CpG motifs that mimic the
presence of bacterial genes and thus induce the activation
of toll-like receptor 9 (TLR-9) Th1-cells via toll-like receptor
9 (TLR-9) and interferon-γ mediated pathways.

A potential advantage of aptamers over therapeutic
antibodies is that so far there appear to be no indications
that aptamers are immunogenic, whereas antibodies can elicit
immune responses even within short periods of treatment.209

A potential disadvantage, rapid clearance via kidneys and
correspondingly short circulating time following injection,14

can be overcome by attaching cholesterol,210 biotin-strepta-
vidin,211 or polyethylene-glycol groups210,212,213or by anchor-
ing an aptamer to liposomes,161,214which have been shown
to reduce clearance.

3. Intramers

3.1. Applications of Aptamers in Vivo
Aptamers have been used in an increasing number of

applications inside living cells and even whole organisms.
The promising potential of aptamers and other nucleic acid
tools such as ribozymes, antisense oligonucleotides, and
small interfering RNAs as therapeutic agents as well as for
elucidating the cellular functions of the target molecules is
hampered by the fact that nucleic acid uptake into cells is
generally very inefficient. Therefore, one of the main future
goals remains the development of efficient delivery strate-
gies.215 Promising techniques are being investigated, among
them the use of cell membrane penetrating peptides,216

finding of efficient but safe217 retroviral expression vectors
for small RNAs,218-220 and advances such as naked221,222as
well as liposome-mediated oligonucleotide transfer.223-226

Intracellularly expressed aptamers (also called intramers)
have also been discussed in the recent literature.16,27,227-230

This section reviews recent studies that employ aptamers in
cells and even in whole organisms, taking into consideration
the different strategies of aptamer delivery.

3.1.1. Intracellular Expression

Early examples of intracellularly expressed aptamers
included inhibition of the special elongation factor SelB in
Escherichia coli231 and RNA polymerase II in yeast.38 In
another study, aptamers specific for Ku protein were
expressed under the control of a human 7SL promoter in
MCF-7 breast carcinoma cells.232 The Ku protein is involved
in the repair of double-strand breaks in DNA. The expressed
aptamer is able to block the DNA-binding properties of the

Ku protein, thereby sensitizing the cell line to DNA damage.
When treated with the anticancer drug etoposide, a compound
that inhibits DNA topoisomerase II in a way that generates
double-strand DNA breaks, aptamer-expressing cells were
more susceptible to undergo apoptosis.

Our group focused on the elucidation of cytoplasmic
regulatory proteins that participate in the leukocyte-function-
associated antigen-1 (LFA-1)-mediated inside-out signaling
cascade. Specifically, we are interested in the family of
cytohesins, which belong to the highly homologous class of
guanine nucleotide exchange factors (GEFs). The small ADP-
ribosylation factor (ARF) GEFs catalyze the GDP/GTP
exchange on ARFs. At the present time, four members of
the cytohesin family are known: cytohesin 1, cytohesin 2
(also called ARNO: ADP-ribosylation factor nucleotide-
binding site opener), cytohesin 3, and cytohesin 4. They take
part in integrin signaling, actin cytoskeleton remodeling, and
vesicle transport.233-235 All cytohesins consist of an N-
terminal coiled coil domain, a Sec7 domain that contains
the GEF activity,236 a Pleckstrin homology (PH) domain, and
a C-terminal polybasic domain.237,238The two latter domains
enable membrane localization via interaction with phospho-
inositides. Although highly homologous, the cytohesins seem
to have different biological functions.234,239We have selected
specific aptamers targeting cytohesins in order to enlighten
their different regulatory roles.

When activated by phorbol esters or T-cell receptor
stimulation, LFA-1 triggers adhesion of T-cells to ICAM-1,
which is present on endothelial cell surfaces. Cytohesin-1 is
believed to contribute to the LFA-1 activation by direct
interaction with the cytoplasmic domain of theâ2-chain
(CD18) of the LFA-1 integrin.237 We have selected an
aptamer (M69) that binds to the Sec7 domain of cytohesin
1.235 Although the aptamer is able to discriminate between
large and small GEFs, it binds with similar affinity to
cytohesin 1 and cytohesin 2/ARNO. We next expressed M69
in the cytoplasm of Jurkat cells using a transgenic vaccinia
virus.240 Intrameric expression of M69 resulted in inhibition
of LFA-1-mediated adhesion of the cells. Moreover, reor-
ganization of the cytoskeleton and cell spreading was also
inhibited by M69. Similar results were obtained by dominant
negative expression of a cytohesin mutant (E157K) that
abolishes GEF activity. These results confirmed an important
role of the GEF activity of cytohesin-1 in T-cell spreading.

We have used a 5′-fluorescein-labeled version of the
aptamer M69235 to screen for small molecule inhibitors of
cytohesins.241 Labeling of the aptamer was achieved byin
Vitro transcription in the presence of guanosine-monophos-
phorthioate, followed by treatment with an electrophilic
fluorescein derivative.242 The screening assay was based on
aptamer displacement, followed by fluorescence polarization
(Figure 11A). We identified a 1,2,4-triazole derivative,
SecinH3 (Figure 11B), that bound to the Sec7-domain of
cytohesins and inhibited nucleotide exchange. When applied
in human liver cells, SecinH3 allowed implicating insulin-
receptor-complex-associated cytohesins in insulin signaling.
Mice fed SecinH3 exhibited signs of hepatic insulin resis-
tance and increased plasma insulin, phenomena that are
thought to be associated with the onset of type 2 diabetes in
humans. In a parallel study, Fuss et al. found that mutations
in steppke, the singleDrosophila melanogasterhomologue
of cytohesin, led to phenotypes also seen with insulin
signaling defects: reduced growth at each stage of develop-
ment without impaired food uptake.243 Feeding of SecinH3
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to flies caused a phenocopy of the mutation and biochemical
and transcriptional evidence of loss of insulin signaling
(Figure 11C). Thus, the aptamer displacement screen estab-
lished how to translate information stored within an aptamer
into a small molecule.244 Thereby, chemical space can be
explored in a rapid, focused, and modular manner, by
indirectly taking advantage of the highest molecular diversity
currently amenable to screening, namely that of up to 1016

different nucleic acid sequences. Aptamer displacement
screens demand small molecules of high initial potency,
leading to effective and specific inhibitors that can be used
as drug leads or tools in chemical biology.

Cytohesin 1 and 2 are both expressed in T-cells. To
investigate whether the homologous proteins inherit different
functions, we selected an aptamer specific for cytohesin
2/ARNO.246 Since the first aptamer (M69) was not able to
discriminate between the two cytohesins, we used a counter-
selection protocol to exclude sequences that also bind to
cytohesin 1. The obtained aptamer (K61) exhibited high
affinity toward cytohesin 2 with aKd of 115 nM, whereas
recognition of cytohesin 1 was reduced 35-fold. When tested
using anin Vitro assay, the aptamer did not inhibit the GEF
activity of cytohesin 2, presumably because it binds to the
coiled-coil-Sec7 interface rather than to the Sec7 domain
alone.

Cytoskeletal remodeling and membrane trafficking are
thought to be regulated by GTPases of the Rho and ARF
families.247 In addition, the small GTPases of the Rho family
participate in serum response factor transcriptional activation,
which is stimulated by serum growth factors.248 We ques-
tioned whether the cytohesins also take part in transcriptional
activation mediated by the serum response element (SRE)

by investigating the effects of the aptamer on the expression
of a luciferase reporter gene under the control of the SRE
promoter in serum-stimulated HeLa cells. Direct transfection
of K61 resulted in a concentration-dependent reduction of
luciferase expression to basal levels. The effect was aptamer-
specific, since overexpression of cytohesin 2/ARNO rescued
the serum-stimulated transcription. Furthermore, we found
that both K61 and the nondiscriminatory aptamer M69 down-
regulate the activation of the MAPK pathway, which is in
accordance with the novel activity of cytohesin 2 (Figure
12).246

RNA interference was subsequently used to further
distinguish both protein functions. A siRNA targeting
cytohesin 2 also resulted in down-regulation of MAPK
activation, contrasted by the finding that a siRNA against
cytohesin 1 expression showed no effect. A possible expla-
nation for this finding could be that cytohesin 2 is involved
in transcriptional regulation via SRE rather than cytohesin
1. Taken together, the obtained results further demonstrate
that intramers are versatile tools allowing for assignment of
novel biological functions to a specific domain or an
individual protein within a given protein family.

In another approach, Jeong and colleagues have selected
an RNA aptamer that binds to the DNA-binding domain of
TCF-1 and inhibits binding of TCF-1 to its specific DNA
recognition sequencesin Vitro.249 To modulate the transcrip-
tion by TCF/â-catenin complex in the cells, high levels of
this aptamer were expressed as intramers in mammalian cells
using an RNA expression vector for stable intramer expres-
sion. The intramer inhibited TCF/â-catenin transcription
activity and modulated the expression of TCF/â-catenin
target genes, such as cyclin D1 and matrix metalloproteinase-
7. In addition, it efficiently reduced the growth rate and
potential to form tumors in HCT116 colon cancer cells. The
same group also selected a high-affinity RNA aptamer that
associated withâ-catenin in ViVo.250 Nuclear localized
aptamer inhibited catenin-dependent transcription of cyclin
D1 and c-myc in colon cancer cells. Its expression as an
intramer led to cell cycle arrest and reduced tumor formation.

Figure 11. Aptamer displacement screening assay by fluorescence
polarization identifies a small molecule with biological function.
(A) Schematic for the fluorescence polarization assay used. The
fluorescence-labeled aptamer M69 exhibits low polarization in the
nonbound state (top panel). When bound to the protein, in this case
the Sec7 domain of cytohesin 1, fluorescence polarization becomes
high (middle panel). If a small molecule (crescent-shape) displaces
the aptamer from the protein, fluorescence polarization is reduced
(bottom panel). (B) Chemical structure of SecinH3, the most potent
among a series of molecules identified in the aptamer displacement
screen, that inhibits cytohesin proteins. Because cytohesins are
highly conserved among species from flies to humans, SecinH3
inhibits cytohesins from all these species. (C) SecinH3 induces
growth retardation when fed toDrosophila melanogaster. The same
effect is seen in larvae mutants, in which the Drosophila cytohesin
Steppke was mutated. Left: WT larvae fed with (Fed+ SecinH3)
or without (Fed) the Steppke-inhibitor SecinH3. Right: average
size of Fed+ SecinH3 (n ) 136) and Fed (n ) 98) larvae.241,243,245

Figure 12. Model for the role of cytohesin-2 as an effector of
serum-mediated transcriptional activation via the MAPK pathway.
The domain specificity of the aptamers K61 and M69 suggests
participation of both the N-terminal and the Sec7 domains of
cytohesin-2. GH, growth factors in serum that act on MAPK-
activating receptors; GHR, MAPK-activating receptors; CC, coiled-
coil domain; TCF, ternary complex factor; SRF, serum response
factor. Modified after Theis et al.246
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The aptamer also prevented alternative splicing events
induced by stabilizedâ-catenin. These studies open up the
potential that intramers can be applied in gene therapeutic
approaches to treat TCF orâ-catenin-mediated tumors.

Aptamers have also been expressed in whole organisms.251

By transformingDrosophila melanogastergerm lines with
an aptamer construct that binds to the RNA splicing regulator
B52, stable expression of up to 10% of the total mRNA level
was achieved.252 Altering the expression levels of the splicing
factor causes severe phenotypes in Drosophila. Consequently,
when expressed in normal flies, the aptamer proved to be
lethal. In mutants overexpressing B52, suppression of all
phenotypes was obtained by expression of the aptamer.

3.1.2. Optimization Studies for in Vivo Applications

Although an increasing number of aptamers selectedin
Vitro were successfully appliedin ViVo, some studies suggest
that the characterized properties exhibitedin Vitro are
sometimes not observed when the same RNA sequence is
expressed inside cells. For example, a tRNAGln that was
modified with an aptamer specific for glutaminyl-tRNA-
synthetase showed 26-fold higher affinity for the cognate
synthetase, resulting in increased aminoacylation perfor-
mance.253 Nevertheless, the construct failed to support growth
when expressed in a knockout strain ofE. coli, presumably
due to increased nuclease digestion compared to the natural
tRNAGln.

Expression of aptamers using RNA polymerase III-based
cassettes provides a convenient way to produce high levels
of small RNAs inside the cell. Nevertheless, problems might
arise from expressing the functional RNA in the context of
these expression cassettes. Sullenger and co-workers have
selected RNA aptamers that bind to the transcription factor
E2F1.254 The family of E2F plays a critical role in controlling
cell proliferation. The authors demonstrated that micro-
injection of the aptamer resulted in blocking the ability to
enter the S phase in growth-stimulated fibroblasts.254 How-
ever, when trying to express the aptamer by a RNA pol III
construct derived from human methionine tRNA, the activity
was substantially reduced. The authors assumed that interac-
tion of the aptamer with the flanking sequences in the
expression cassette resulted in misfolding and inhibition of
the aptamer. To overcome this effect, they performed a
selection with the chimeric tRNA containing randomized
flanking sequences. This so-called “expression cassette
SELEX” yielded constructs that are transcribed very effi-
ciently and exhibited high activity against E2F1 in human
293 cells.255 Although a reselection of the expression cassette
might not be necessary in all cases, this technique allows
for optimization of aptamer functionin ViVo.

In ViVo selection to improve aptamer function inside
eukaryotic cell nuclei was also carried out by Cassidy and
Maher using a previously selected aptamer that binds to
NFκB p50 in yeast.256-258 In contrast to the strategy discussed
above, the aptamer itself was reselected by generating
aptamer variants containing an average of 2-3 mutations.
The resulting library was then screened for optimized binding
to NFκB by performing a yeast three hybrid experiment.258

The authors point out that a combination ofin Vitro and in
ViVo selection enables the generation of highly active
aptamers for applications inside cells. Chan et al. used a
combined aptamer siRNA approach to gain maximal sup-
pression of NFκB activity in mammalian cells.259 The
combination of both siRNAs and an aptamer that has been

shown previously to inhibit the DNA-binding activity the
p50 subunit of the NFκB transcription factor in yeast256-258

showed a strong reduction of NFκB-mediated expression of
a reporter gene in mammalian cells, whereas the application
of either the siRNA specific for NFκB or the aptamer that
targets NFκB alone resulted in incomplete reduction of NFκB
acitivty. Cell type-specific delivery of siRNAs into cells was
also achieved by using aptamer-siRNA chimeras, as dis-
cussed below.260 These data indicate that the siRNA and
aptamer technologies represent complementary approaches
to gain maximal control over biomolecule function.

The sometimes different behavior of aptamersin Vitro and
in ViVo implicates that caution should be applied before
drawing definite conclusions of biological relevance resulting
from in Vitro studies only. Moreover, a reselection of the
aptamerin ViVo might be necessary if applications inside
cells are to be performed.

3.2. Aptamers as Antiviral Agents
The multiple attempts to utilize aptamers to inhibit viral

infection and replication have been reviewed recently.118,261

Aptamers have been selected for a variety of components
essential in viral life cycles. Especially, replication of the
human immunodeficiency virus (HIV) has been inhibited by
anti-HIV aptamers. Figure 13 highlights crucial processes
of viral replication that can be inhibited by aptamers targeting
HIV proteins. Most of these viral proteins show impaired
functions if aptamers are appliedin ViVo. Since assay formats
differ considerably in many studies, a comparison of thein
ViVo effectiveness of different aptamers is not facile. Apart
from aptamers targeting gp120262-265 and integrase,266-269

most studies have focused on the viral proteins HIV RT,
Rev, and Tat.

Inhibition of HIV-1 reverse transcriptase by RNA aptamers
in ViVo was demonstrated using a temperature-sensitive DNA
polymerase I inEscherichia coli.270 The mutant is not able
to grow at 37°C unless complemented with an exogenous
DNA polymerase. If HIV-1 reverse transcriptase is expressed,
E. coli shows normal growth without the impairment of other
functions. Expression of an aptamer specific for HIV-1 RT
restores the temperature sensitivity of the strain. The authors
note that their methodology allows for easy screening of RT
inhibitors and resistant RT mutants.

The first examples of RNA aptamers suppressing viral
replication in a human T-lymphoid cell line were demon-
strated using RNA motifs that fold into pseudoknot structures
and bind to HIV-1 reverse transcriptase with very high
affinity and specificity.32,271-273 Using Jurkat cells stably
expressing the anti-HIV-1 RT aptamer in the human initiator
tRNAmet context, Sczakiel, Restle, and co-workers achieved
protection against infection as long as 35 days when low

Figure 13. Key steps of the HIV life cycle that have been targeted
by aptamers.
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doses of virus were used.274 Joshi and Prasad obtained similar
results, also showing that viral replication of strains resistant
to nucleoside analogue RT inhibitors, non-nucleoside ana-
logue RT inhibitors, and protease inhibitors could be
efficiently blocked by pseudoknotted aptamers.275 Therefore,
these aptamers could present an alternative method to target
strains that have gained resistance against most HIV thera-
peutics. This finding is strengthened by a further study of
Prasad and colleagues.276 Most of the HIV-1 reverse tran-
scriptase inhibitors act as template analogues binding to the
nucleic acid recognition site of the enzyme. Using a DNA
aptamer (RT1t49), they isolated mutants that are resistant
to the aptamer when testedin Vitro. Nevertheless, when they
characterized the mutated HIV clones in living cells, they
found they were replication deficient due to severe proces-
sivity defects. These findings underline that targeting nucleic
acid binding interfaces of viruses such as HIV might
represent a powerful way to keep the virus in check. In this
context, a recent study is noteworthy that employs aptamers
against the RNase H domain of HIV-1 reverse tran-
scriptase.277 The data suggests a different, nontemplate
analogue mode of action, since the polymerase activity of
HIV RT is not affected. Nevertheless, the investigated
aptamers exhibit relatively weak binding affinities in the low
micromolar range and have not yet been shown to inhibit
RNase Hin ViVo.

Aptamers have also been used to target other important
RNA-protein interactions essential in the life-cycle of HIV
replication. Among other small RNAs, aptamers for HIV Rev
and Tat have been expressed in human cells. In an early
study, these aptamers were used as an example to develop
nucleus-directed expression cassettes based on the human
tRNAmet and U6 snRNA promoters.278 Expression levels,
localization, and stability of the expressed constructs were
evaluated, complemented by their potential to inhibit viral
replication by cotransfection with HIV-1 provirus. Although
all HIV-directed small RNAs, such as ribozymes,279,280

antisense RNAs,281,282and Tat-283 and Rev-specific284 RNAs,
were expressed at moderate to high levels, only a Rev
aptamer was able to significantly reduce virus production in
this study.

The inhibitory effect of the HIV Rev aptamer was further
investigated under the control of the human cytomegalovirus
(CMV) promoter in HeLa cells.285 The authors observed that
even the CMV promoter alone is able to act as a decoy
resulting in inhibition of HIV replication starting from
proviral DNA. The authors suggest that competition of both
viral constructs for transcription factors might be the cause
of this finding and point out the possibility of misleading
results in cotransfection experiments using CMV promoters.

HIV Rev was also targeted by transfection mediated by
cationic liposome delivery in HeLa cells. To increase the
transfection efficiency, lipofectin was mixed with transferrin
before adding the aptamer. Viral replication starting from
the DNA provirus was efficiently blocked. A ribozyme
targeting the HIVenV transcript was not able to further
improve the effects of theanti-Rev aptamer.286 Similarly,
an RNA aptamer targeting the HIV-1 nucleocapsid protein287

(NC) completely abolished its binding to the stable trans-
activation response hairpin and psi RNA stem-loops of HIV-1
RNA. When expressed in cells as an intramer, it inhibited
the packaging of viral genomic RNA.288

The potential of using aptamers for gene therapy targeting
HIV was demonstrated by retroviral introduction of a Rev

aptamer in human hematopoietic stem cells bearing CD34.289

These cells have the ability to differentiate into multiple
lineages of cell types, including CD4+ T cells and macro-
phages, the main targets of HIV-1 infection. Normal dif-
ferentiation of the CD34+ cells was demonstrated in cell
culture as well as in a SCID-hu mouse model. Moreover,
the Rev aptamer was expressed in end stage cells and
rendered thymocytes derived from grafts of the SCID-hu
mice resistant to HIV infection.

Aptamers that exhibited 133 times higher affinity toward
HIV Tat protein compared to the authentic TAR RNA have
been selected and successfully applied to inhibit Tat-
dependent trans-activation both in a cell free transcription
assay as well as in living cells.101 The authentic TAR-1 RNA
sequence is located in the LTR of the HIV genome. By
binding to Tat protein, it significantly stimulates HIV
transcription. To evaluate the ability of the selected Tat
aptamer to prevent the natural Tat/TAR interaction, HeLa
cells were transfected with a LTR-luciferase construct.290 By
expressing the Tat aptamer in addition to the Tat protein,
inhibition of trans-activation of transcription was demon-
strated. Similar results were obtained by expressing the
authentic TAR RNA itself to act as a decoy.291 Advances in
delivery methods such as antibody-targeted liposomes,
cationic lipid formulations, and pH-sensitive liposomes as
well as pol III-driven transcription of suitable vectors
targeting viral infections have been reviewed recently.223,261,292

Another example of a viral protein targeted by an aptamer
is the nonstructural protein 3 (NS3) of hepatitis C virus
(HCV). The protein comprises a helicase and a protease
activity, both essential for viral replication. Aptamers for the
protease domain of the enzyme have been selected, and the
binding mode has been characterized.293-295 To test the
activity of the isolated aptamersin ViVo, a fusion construct
composed of the aptamer and a HDV ribozyme was used,
allowing for cleavage of the aptamer from the nascent
transcript. The authors claim that this approach is more likely
to produce correctly folded aptamers. To further enhance the
in ViVo activity, the aptamer/ribozyme fusion was extended
by addition of a cytoplasmic transportation signal. Expression
of the trimeric aptamer construct under the control of an RNA
polymerase II-dependent chicken-actin globin (CAG) pro-
moter showed significant inhibition of NS3 protease activity
in HeLa cells.296 By simply fusing an oligo-U tail to the 3′-
end of the aptamer, the group recently succeeded in generat-
ing a bifunctional ligand that also inhibits the helicase
function of NS3.297

A different strategy to target viral components by aptamers
involves targeting viral RNA structures rather than viral
proteins. Progress on this relatively new approach has been
reviewed recently.298 Generation of aptamers targeting
essential nucleic acid structures complements established
techniques such as ribozymes and antisense and RNA
interference technologies. The advantage of using aptamers
rather than the approaches mentioned above is that highly
structured target sites can potentially be targeted. This is of
particular significance, since the most interesting viral RNA
targets, such as TAR and RRE RNAs in HIV, are highly
structured. Moreover, aptamer selection is often successful
even without any knowledge of the target structure. In
principle, the RNA part of any essential viral protein/RNA
interaction represents a promising target for an aptamer
selection.
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One could expect that the selection of a nucleic acid to
bind a target nucleic acid should result in finding an antisense
oligonucleotide complementary to the target sequence. At
least for unstructured targets, antisense sequences should
present a sufficient solution. For example, a selection
performed against the internal ribosomal entry site (IRES)
located in the 5′-UTR of the HCV genome yielded oligo-
nucleotides that are at least in part perfectly matched by
Watson-Crick base-pairing.299 As much as 12 of the 17
nucleotides selected were complementary to the target RNA.
When a 2′-O-methyl derivative of the selected sequence was
testedin ViVo using a luciferase reporter under the control
of the IRES of HCV, half-maximum inhibition of translation
was observed at 2.5 nM concentration. The most effective
antisense oligonucleotides targeting HCV IRES exhibit IC50’s
of around 100 nM, which means that they are 40-fold less
efficient than the sequences selected in this study. Obviously,
other modes of action participate in the recognition of the
target RNA. Indeed, a variety of structurally similar loop-
loop interactions, so-called kissing complexes and apical
loop/internal loop (ALIL) interactions, have been found to
contribute to the binding affinity of aptamers selected for
TAR RNA and HCV mRNA300-305 (Figure 14).

3.3. Aptamers in Animal Models

Aptamers targeting antibodies were successfully applied
to prevent the effects of autoimmune responses.306 In a rat
model of myasthenia gravis (MG), an antibody-mediated
autoimmune response to nicotinic acetylcholine receptors that
causes a neuromuscular disorder associated with muscular
weakness and fatigability, injection of a nuclease-stabilized
and PEG-conjugated RNA aptamer showed inhibition of the
clinical symptoms of MG.

Intravenous and intra-arterially injected aptamers against
growth factors have been used to elucidate their roles in a
series of diseases. An aptamer specific for platelet-derived
growth factor-B (PDGF-B) was successfully applied in cell
culture and by intravenous injection in rats to study the
factor’s role in glomerulonephritis. Glomerular mesangial cell
proliferation plays an important role in many renal diseases.
PDGF is believed to play a key role in mesangial cell
proliferation. To study the effect of PDFG inhibition in renal
diseases, the authors applied a modified aptamer to nephritic
rats.125 For this purpose, a previously selected DNA aptamer
for PDGF-B (NX1975)307 was modified forin ViVo applica-

tions by introducing 2′-fluoro- and 2′-methoxy-substitutions,
exchanging nucleotide loops by hexaethylene glycol spacers,
and attaching the aptamer to 40 kDa PEG. Glomerular cell
proliferation as well as glomerular matrix accumulation was
dramatically reduced, demonstrating the benefit of direct
injection of custom-modified aptamer antagonists into whole
organisms. Interestingly, the anti-PDGF-B aptamer proved
to be more efficient compared to an antibody recognizing
the same growth factor.308 In a further study, Floege and co-
workers investigated the interaction of PDGF-B and trans-
forming growth factor (TGF-â)-related pathways in renal
diseases. By utilizing the PDGF-B aptamer, they were able
to demonstrate that both pathways are not interconnected in
experimental glomerulonephritis.126

The same aptamer was recently employed to elucidate
whether PDGF-B is involved in the expression of Ets-1, a
key factor in neoangiogenesis309 and the contribution of
PDFG-B and its receptors to persistent pulmonary hyperten-
sion (PPHN).310 The aptamer was able to significantly
suppress some of the abnormalities caused by PPHN,
suggesting that PDGF-signaling contributes to the structural
vascular remodeling that takes place during the syndrome.
A different aptamer (EYE001) specific for vascular endo-
thelial growth factor (VEGF) was also employed to enlighten
the causes of pulmonary hypertension.311

In addition to their potential to elucidate the cellular
functions of the targeted hormones, aptamers binding to
growth factors have been used to point out new methods of
cancer treatment. Growth factors involved in pathogenic
angiogenesis, such as those discussed above, are promising
targets for tumor therapy. When injected intraperitoneally
into mice with experimental Wilms tumors, the aptamer
EYE001, also known as NX1838, was able to reduce tumor
weight up to 84%.312

In a further study targeting vascular endothelial growth
factor by an aptamer in mice, the role of VEGF in
inflammation and ischemia-induced retinal neovasculariza-
tion was characterized. Interestingly, while potently blocking
pathological neovascularization and the accompanying leu-
kocyte adhesion, physiological neovascularization was not
affected.313

The studies discussed above all have in common that
aptamers were administered by direct injection into the
organism. Taken together, the results show promising effects,
hence proving that aptamers can be applied via this conve-
nient delivery method, at least when extracellular components
such as growth hormones and other signaling molecules are
targeted.

Recently, delivery of the aptamer EYE001 (NX1838)
formulated as poly(lactic-co-glycolic)acid microspheres was
studied.314 A controlled release over a period of 20 days was
achieved using this polymeric device. Aptamers have also
been shown to exhibitin ViVo activity when applied by
surgically inserting sustained release pellets into the de-
sired tissue. This formulation has the advantage of high
concentrations of the aptamer being deliberated over a cer-
tain time span at a defined location within the body.
Specifically, a nuclease-stabilized aptamer targeting angio-
poietin-2 (Ang-2) was administered into the cornea of rats.124

Ang-2 is believed to antagonize the receptor tyrosine kinase
Tie2, which regulates vascular stability. To decipher the
different actions of Ang1 and Ang2 related to proangiogenic
growth factors, an Ang2-specific aptamer was selected.
Delivery of the aptamer into corneal micropockets inhibited

Figure 14. Various kissing complexes found in RNA-binding
aptamers. (A) Aptamers that target RNA structures, such as the
HIV TAR element, might form so-called kissing complexes. (B)
Apical loop-internal loop complexes between RNA hairpins and
selected aptamers also form high affinity complexes (SL1: stem
loop 1). (C) The high affinity of these complexes can be enhanced
by the construction of bimodal kissing complex forming RNA
elements. BRU and MAL depict RNA elements within the TAR
RNA from HIV. EGP, triethylene glycol phosphate.
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basic fibroblast growth factor-mediated neovascularization.
By utilizing the Ang-2 specific aptamer, a proangiogenic
effect of Ang2 was demonstrated for the first time. The
authors point out that aptamers which block proangiogenic
targets might be promising agents in cancer therapy, since
angiogenesis is required in many malignant and benign
disorders.

3.4. Aptamers as Delivery Molecules
Aptamers that target specific cell surface proteins represent

interesting molecules to target a distinct cell type. By this
means, one aptamer that binds tightly to the prostate-specific
membrane antigen (PSMA), a protein exclusively present
on prostate cancer cells, has gained particular interest.60 This
aptamer was used for the localized delivery of siRNA
molecules and toxinsin Vitro andin ViVo. Therefore, chimeric
molecules were prepared that bear the PSMA-specific
aptamer and a siRNA molecule that specifically targets an
mRNA of interest, such as lamin. Chu et al. used biotinylated
variants of the aptamer and the siRNAs and prepared
streptavidin conjugates, each composed of two aptamers and
two siRNA molecules315 (Figure 15A). The direct adminis-
tration of the complex to LNCaP cells, a prostate cancer cell
line that expresses PSMA, resulted in a reduction of lamin
expression. Indeed, expression of lamin was reduced to the
same extent as observed in cells that were transfected with
oligofectamine. In contrast, cells that do not have the PSMA
protein showed no reduction of lamin expression after
treatment with the streptavidin-aptamer-siRNA complex. In
a different study, McNamara et al.260 used aptamer/siRNA
chimeric RNAs that target the polo-like kinase 1 and BCL2
(Figure 15). The chimeras used in this study solely consist
of RNA, without the need for streptavidin-mediated coupling.
The chimeras contained a PSMA-binding aptamer domain,
a nucleotide-based linker moiety, and a 21-mer siRNA. This
construct was designed in a way as to allow digestion by
Dicer and further processing by RISC after PSMA-mediated
cellular uptake of the chimera. These constructs were shown
to efficiently down-regulate the expression of the siRNA
targets, and moreover, antitumor activity was observed when
subjected to a xenograft model of prostate cancer. This
underlines the applicability of aptamer-mediated tumor
targetingin ViVo.

The anti-PSMA aptamer was also used for localizing
cytotoxic agents to tumors, thereby minimizing unwanted
toxicological side effects. By this means, Farokhzad et al.
used a nanoparticle-aptamer conjugate to treat prostate
cancerin Vitro and in ViVo using a xenograft nude mouse
model316-318 (Figure 15). The nanoparticles contained doc-
etaxel,319 a chemotherapeutic taxoid drug used in clincal
practice for the treatment of patients suffering from prostate
cancer. The aptamer-based targeting of docetaxel showed
enhanced cytotoxicity toward the cancer cells and reduced
systemic toxicity. Similarly, the targeting properties of the
anti-PSMA aptamer can also be combined with the toxic
characteristics of gelonin, a ribosomal toxin320 (Figure 15C).
These aptamer/toxin conjugates were shown to specifically
reduce cell survival of LNCaP cells. Also along these lines,
Bagalkot et al. constructed noncovalent conjugates of the
anti-PSMA aptamer with doxorubicin and showed that these
conjugates can also be applied for the specific inhibition of
the viability of prostate cancer cells321 (Figure 15C). These
approaches make use of covalently linked aptamers to either
the nanoparticles or the toxins. This further underlines the

chemical versatility of aptamers without loss of functionality.
Taken together, aptamers represent excellent tools for the
localization of cytotoxic agentsin ViVo and thus to reduce
unwanted side effects of chemotherapeutics.

4. Allosteric Ribozymes and Riboswitches

Recently, a growing number of techniques based on
ribozymes and aptamers were developed and applied for
various purposes in biotechnology, research, and diagnostics
and for the development of medical therapeutics. Most of
these methods rely on oligonucleotide-regulated ribozymes,
also known as aptazymes, reporter-ribozymes, or ribo-
reporters.322-325 Aptazymes are chimeric molecules that
consist of an aptamer domain and a ribozyme module. Just
like allosteric enzymes, their catalytic activity is regulated
by binding of a small ligand, a protein, or another oligo-
nucleotide to the allosteric domain of the aptazyme, distant
from the active site.

4.1. Aptamers and Aptazymes as Molecular
Switches

The basis for this concept lies in an intrinsic property of
ligand complexation by aptamers, namely adaptive binding
which involves different conformational ordering processes,
as in the main revealed by structural elucidations of
aptamer-ligand complexes.5-7 Ever since the first
NMR5,114,326-339 and crystal structures32-34,104,107,340,341of
aptamer-target complexes were resolved, it was clear that

Figure 15. The prostate-specific membrane antigen (PSMA)
binding aptamer can be used as a cell type specific delivery agent.
(A, B) siRNA molecules can be coupled either via streptavidin-
biotin chemistry (A) or directly as a chimeric molecule consisting
of an aptamer- and a siRNA-domain to the PSMA aptamer. After
PSMA-mediated recognition of the aptamer domain and the
receptor-mediated internalization of the aptamer-siRNA complexes,
the specific knockdown of the cognate mRNA molecules can be
observed. (C) The PSMA aptamer can be covalently coupled via
NHS chemistry to toxic proteins, such as gelonin, or to nanoparticles
that encapsulate docetaxel. Also, the formation of noncovalent
physical conjugates with doxorubicidin has been used for the
cellular delivery of cytotoxic agents.
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the binding of a target by an aptamer normally occurs by
adaptive recognition. Thereby, aptamers which often com-
prise unpaired loop or bulge regions that are conformationally
heterogeneous in the free nucleic acid acquire a distinct
conformation by adaptive folding around the bound target.
As a result, complexation of a ligand stabilizes the folding
of its aptamer 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, switching
the activity of the ribozyme in the presence of the corre-
sponding ligand.

4.1.1. Aptazymes Based on the Hammerhead Ribozyme
(HHR)

The first generations of aptazymes that exploited this
concept were based on hammerhead ribozyme (HHR)/
aptamer chimeras regulated by small molecules.342-344 For
example, a rationally designed aptazyme regulated by ATP
was obtained by fusing a known ATP-binding aptamer345

adjacent to a hammerhead ribozyme domain.342,344 In the
presence of ATP or adenosine, the cleavage rate of the
ribozyme was decreased 180-fold compared to a control
reaction in which dATP or other NTPs were used, which do
not interact with the allosteric aptamer domain. A detailed
investigation of this aptazyme’s regulatory mechanism
revealed that the observed reduction in catalytic activity of
the adjacent ribozyme domain was due to steric interference
between the aptamer and ribozyme tertiary structures.344

Similarly, two independent studies combined the ham-
merhead ribozyme with an aptamer that binds flavine
mononucleotide113 (FMN) as the allosteric regulatory mod-
ule.343,346In one study,343six variants with different sequences
in the essential stem II that connects the aptamer with the
hammerhead ribozyme were rationally designed. Stem II is
essential for ribozyme activity. Only sequences with a stem
II that was shorter than 5 base pairs were found to be
sensitive to FMN, indicating that ribozyme activation by
FMN occurred by inducing stem II formation. Thus, the
connecting stem serves as a communication module between
the allosteric FMN binding site in the aptamer and the
catalytic domain in the ribozyme. In the second study,346 stem
II was also used as the connecting domain, but this time,
the stem II variant with the potential to form four base pairs
was randomized in the corresponding eight nucleotides
(Figure 16). This small HHR-aptamer library was subjected
to in Vitro selection to identify variants that mediated HHR-

dependent RNA cleavage either in the presence or in the
absence of FMN. The identified stem II sequences were
shown to exclusively allow communication between the
modular domains of the HHR construct and, thus, were
designated as “communication modules”. Using other known
aptamers as allosteric sites, the selected communication
module was successfully used to engineer aptazymes with
other ligand specificities. When the FMN aptamer module113

was replaced with previously identified ATP345 and theo-
phylline binding aptamer motifs,347 new aptazymes regu-
lated by ATP and theophylline, respectively, were ob-
tained. In the meantime, versatile RNA elements that func-
tion as communication modules rendering disparate RNA
folding domains interdependent have been described.348 The
FMN and theophylline aptamers were also used in a single
allosteric HHR to engineer an aptazyme that requires two
different small molecule effectors to induce catalytic activ-
ity.349

An intuitive design of effector-regulated hammerhead
ribozymes can also be achieved by using oligonucleotides
that regulate catalysis by hybridizing to the ribozyme. In the
first example of an allosterically controllable ribozyme,350 a
DNA oligonucleotide complementary to a single-stranded
loop in the ribozyme was used to switch on the active state
of an otherwise inactive HHR.

There are two types of allosteric ribozymes amenable for
screening: First, there are ribozymes that selectively monitor
substrate or product formation during an enzymatic reaction.
These are used to screen for inhibitors of catalytic activity
in an indirect way. For example, a minimized ADP aptamer
was used to construct a RiboReporter sensor that detects ADP
in a background of ATP and generates a fluorescent signal351

(Figure 17A). Upon binding to ADP, the sensor undergoes
self-cleavage and generates a fluorescent signal. The ADP
RiboReporter sensor was used to monitor pERK2 protein
kinase activity in a pilot screen of 77 test druglike com-
pounds. The ADP RiboReporter sensor unambiguously
identified microplate wells containing a known inhibitor
(staurosporine), but no new functional molecules could be
discovered in this test screen.

In a similar approach, Nutiu et al.352 used an allosteric
DNA-aptamer that binds adenosine better than 5-adenosine
monophosphate (AMP) to report the activity of the alkaline
phosphatase-catalyzed cleavage of AMP to adenosine (Figure
17B). This fluorescent reporter was applied for the indirect
identification of known small molecule inhibitors of the
alkaline phosphatase (ALP).

Figure 16. Selection of FMN-dependent aptazymes:346 The connecting region of an FMN aptamer and a hammerhead ribozyme has been
randomized at eight positions.In Vitro selections were carried out for variants that get activated as well as inhibited by the presence of 200
µM FMN. Both selections yielded a variety of communication modules; one example for each variant is shown.
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Second, there are ribozymes whose cleavage activity is
directly dependent on proteins and peptides. Small molecules
or other proteins that disrupt aptazyme-target binding can
adversely affect the cleavage activity of these allosteric
ribozymes. For example, hammerhead ribozyme-based re-
porter ribozymes were designed that are either active or
inactive upon binding the HIV-1 Rev protein or its arginine
rich motif (ARM) peptide epitope.353 These allosteric ribo-
zymes were used to screen a small library composed of 96
natural antibiotics for molecules capable of disrupting the
interaction of the HIV-1 rev-peptide with its complementary
RNA binding site, the Rev response element354,355 (RRE),
or an anti-rev aptamer.356,357 For monitoring the aptazyme
activity, a substrate oligonucleotide labeled with a fluores-
cence donor at the 5′-end and a quencher dye at the 3′-end
was used that emitted a fluorescence signal only after
cleavage by the ribozyme to allow for efficient real-time
analysis of aptazyme performance.358,359 The screening of
the library revealed one compound, the gyrase inhibitor
coumermycin A1, that was able to inhibit virus replication
in ViVo. 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 by using
interference with RNA/protein interactions as a basis for
screening (Figure 17C).

In a similar study,360 we fused an HIV-1 reverse tran-
scriptase (RT) binding aptamer272 to the hammerhead ribo-
zyme. Binding of RT to its aptamer domain induces the

formation of a pseudoknot structure.271 In the absence of the
protein effector, the aptazyme remains active, and substrate
cleavage can be monitored by an increase in fluorescence.
Owing to the specificity of the parent aptamer, the reporter
ribozyme only detects RT from the HIV-1 strain and is
irresponsive to the homologue RT of HIV-2. This reporter
ribozyme was recently used to screen a library of 2,500 small
druglike compounds.361 This screen identified SY-3E4, a
substitutedN,N′-diphenylurea derivative, as a new inhibitor
of the DNA-dependent, but not RNA-dependent, primer
elongation activity of reverse transcriptases from HIV-1 and
-2. Other RTs or DNA polymerases either were not targeted
or were only marginally blocked by this inhibitor. In addition,
SY-3E4 inhibited HIV-1 replication for wild-type and a
multidrug resistant strain in a mechanism in which the
compound competes with primer/template-complex binding
to HIV-1 RT. An analysis of available crystallographic data
of HIV-1 and HIV-2 RTs,32,362-365 constrained by the
characteristics of drug resistance mutations261,275,276,366-369 and
the inhibitory profile of the compound, suggested a region
in these proteins as a new drugable interface that can be
targeted by a small molecule.

There are several other RNA/protein complexes that are
important in the life cycle of HIV-1, for example that
between the HIV-1 Tat protein and its viral RNA receptor,
the trans-activation responsive element371 (TAR). The TAR
motif was utilized for rationally designing HHR-based
protein-responsive allosteric ribozymes that are regulated by
the HIV-1 Tat protein.372-374

Allosteric HHRs were also used to monitor the phospho-
rylation status of proteins.375 The rational design was based
on aptamers that specifically recognized the nonphosphory-
lated and the phosphorylated forms, respectively, of extra-
cellular regulated kinase 2 (ERK2), a member of the mitogen-
activated protein kinase (MAPK) family (the aptamers used
in this study differed from previously described aptamers
from the same group that inhibit thein Vitro phosphorylation
activity of ERK2376). The aptamers were fused to stem II of
the hammerhead ribozyme in such a way that the formation
of inactive ribozyme conformers was favored in the absence
of the respective phosphorylated or unphosphorylated forms
of ERK2. In their presence, however, the ribozyme became
active in cleaving a substrate RNA. This design bears the
potential of monitoring the phosphorylation status of a protein
in a solution-phase assay format.

These examples are all based on rationally designed
allosteric hammerhead ribozymes. However, allosteric
aptazymes can also be isolated directly byin Vitro selection
approaches. This is useful in cases in which no aptamer for
a particular ligand is available or in which an aptazyme is
sought to perform under special conditions such as limited
divalent metal ion concentrations, a certain pH, or unusual
ionic strengths.

For example, an RNA library was used to select allosteric
ribozymes that responded to cGMP and cAMP.377 For
constructing the library, the entire aptamer domain of the
previously described FMN aptazyme346 was replaced by 25
random nucleotides whereas the “cm+FMN1 communication
module”346 and the ribozyme were left unaltered. This library
was subjected to a process called “allosteric selection”, which
aims for the isolation of aptazymes that self-cleave only in
the presence of the desired effector molecule but remain
uncleaved in the presence of other compounds. The selection
was based on size-separation of cleaved and uncleaved

Figure 17. Aptamers and ribozymes for inhibitor screening. (A)
A RiboReporter consisting of an ADP-aptamer appended to the
hammerhead ribozyme indirectly reports kinase activity by respond-
ing to ADP generated in the reaction.351 ADP binding activates
ribozyme cleavage and leads to release of the fluorescence (F)-
labeled oligonucleotide, which generates a fluorescence signal. (B)
The activity of alkaline phosphatase is reported indirectly by a DNA
aptamer that binds to adenosine (black triangle) produced in the
reaction.352,370 Binding of the aptamer to adenosine releases the
quencher (Q)-labeled oligonucleotide, and fluorescence can be
detected. (C) A protein-dependent hammerhead ribozyme directly
reports molecular interactions of the bound protein with inhibitory
small molecules.360 Binding of a small molecule to the protein
releases the protein from the ribozyme and thus triggers cleavage
of the doubly labeled FRET probe, which causes fluorescence.
These reporter ribozymes were used to identify novel small
molecule inhibitors of the HIV-1 Rev and HIV-1 reverse tran-
scriptase proteins.
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species by polyacrylamide gel electrophoresis (PAGE), and
included negative selection steps in the absence of effector
compounds. In this way, allosteric ribozymes were isolated
that could be activated 5000-fold by either cGMP or cAMP
in a highly specific manner.

Similarly, one of the theophylline-dependent aptazymes346

was subjected to allosteric selection to isolate allosteric
catalysts with new effector specificities.378 This study showed
that related aptamer motifs can be isolated that are capable
of binding any of eight related theophylline analogues.
Remarkably, one ribozyme variant differed from the parent
theophylline aptamer only in a single mutation, which defines
a specificity switch from theophylline to 3-methylxanthine.

A related approach, but without exploiting communication
modules, was applied by our group. We constructed a HHR-
based library replacing stem II of the HHR with 40 random
nucleotides.379,380This library was successfully subjected to
the in Vitro selection of allosteric ribozymes that depend on
the antibiotics doxycycline and pefloxacine. The doxycy-
cline-dependent ribozymes showed inhibition constants as
low as 20 nM and revealed remarkable specificity, since
almost no regulation by the related antibiotic tetracycline
was observed. Recently, allosteric reporter ribozymes that
respond specifically to caffeine or aspartame were isolated
by allosteric selection.381

4.1.2. Aptazymes Based on the Hairpin Ribozyme

The hairpin ribozyme, when annealed to its RNA substrate
oligonucleotide, shows a unique secondary structure com-
prising two domains: A and B.382-384 Crystallographic and
biochemical studies385,386 revealed that the mechanism of
cleavage is characterized by an oscillating reaction pathway
starting with a conformation where these two domains are
coaxially stacked and aligned in a linear extended fashion.
This conformer then folds into a docked structure with
domains A and B interacting mainly via noncanonical base
pairs, resulting in the ribozyme bending sharply at a site
defined as the hinge region.387-390 Only this docked confor-
mation permits site-specific cleavage of the substrate. Fol-
lowing cleavage, the docked complex unfolds back into the
extended structure and the cleaved products dissociate. The
hinge region acts as a flexible linker mediating the docking
process by stabilizing the active conformation and facilitating
the tertiary contacts that define the active site within the
interface between the internal loops.391 This fairly detailed
understanding of the molecular mechanism involved in
hairpin ribozyme catalysis highlights the hinge region as a
promising target domain for controlling the ribozyme’s
structure and folding pathway by potentially binding effector
oligonucleotides. Consequently, a series of ligand regulated
ribozymes based on hairpin ribozyme variants have been
described.

Our research group, for example, aimed toward the use
of allosteric ribozymes for reporting protein-protein interac-
tions.353 For that purpose, hairpin ribozyme variants were
designed that contained sequences complementary to the anti-
thrombin DNA aptamer.15 Upon addition of the aptamer
sequence, the aptazymes were specifically inactivated. In the
presence of the cognateR-thrombin, the hybridized aptamer
was sequestered, leading to activation of ribozyme catalysis
by allowing proper folding into its active conformation. As
with the hammerhead reporter ribozymes, ribozyme catalysis
could be quantified in real time by applying substrate
oligonucleotides labeled with a fluorophore and quencher

dye. Other proteins, such as the highly relatedγ-thrombin,
which lacked the aptamer binding domain but was otherwise
identical toR-thrombin, or factor Xa, another member of
the blood coagulation cascade, had no effect. Conversely,
in the presence of hirudin, a natural oligopeptide inhibitor
of R-thrombin which competes with aptamer binding through
its high-affinity interaction with exosite-I,392 the catalytic
activity of the ribozyme remained low, because hirudin led
to release of the aptamer from itsR-thrombin target so that
it hybridizes back to the ribozyme. Thus, the aptazymes were
able to report the thrombin-hirudin interaction in a con-
centration-dependent fashion, thereby representing an effec-
tive tool for the analysis of protein-protein interactions.

Other examples of engineered hairpin ribozyme variants
included reporters for oligonucleotides such as microRNAs393

(Figure 18), the mRNA leader sequence of thetrp-mRNA,394

the RNA-binding site for the bacteriophage R17 coat
protein,395 and sequences of nonspecified function.396,397

Approaches for the direct detection of oligonucleotides
without the requirement of any external labeling become
increasingly important because they would allow for the
analysis and quantification of a nucleic acid in an organism,
cell, or tissue which is incompatible with extra chemical steps
such as attachment of fluorophores or radioactive residues.398

One of our aims, therefore, was to design allosteric hair-
pin ribozyme constructs allowing the direct detection of
microRNAs393 (miRNAs). miRNAs are a class of eukaryotic
small functional RNA sequences that regulate gene expres-
sion.399-402 We have designed hairpin ribozyme variants by
incorporating a new domain C, which is complementary to
the target nucleic acid and also contains a short sequence
that can partially pair with domain A, thus rendering the
ribozyme inactive because domain A can no longer dock to
domain B. In this way, ribozyme activity can be induced by
externally added miRNAs (Figure 18). This design signifi-
cantly differs from the approaches with similar goals
described before396,403 (see also another highly sensitive
system based on the hepatitis C virus ribozyme404), in that
here oligonucleotide-induced hairpin ribozymes can be
rationally designed,393 whereas the other approaches require
in Vitro selection of the required regulatory domains.396,403,404

We designed nine ribozymes that could be activated by
different miRNAs. For each ribozyme, fluorescence increased
only upon addition of the cognate miRNA whereas addition
of noncognate miRNAs resulted in baseline levels of

Figure 18. The miRNA-detecting reporter-ribozyme contains a
domain (dashed) complementary to a given miRNA. In the absence
of the miRNA (gray), the fluorophor (F)- and quencher (Q)-labeled
substrate oligonucleotide remains uncleaved and nonfluorescent due
to fluorescence resonance energy transfer (FRET). After miRNA
binding, the reporter-ribozyme cleaves the substrate. Fluorescence
is detected when the cleaved substrate halves dissociate off the
ribozyme.
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fluorescence only. The assay had a detection limit of 50 fmol,
which is at least 10-fold more sensitive than related molecular
beacons.405,406Like the MG-aptamer-based system,109 these
reporter ribozymes are also entirely RNA-based and thus
could potentially be expressed endogenously, requiring only
the addition of the short substrate oligonucleotide.

While the miRNA-sensitive ribozymes could be induced
by the external oligonucleotide, slightly modified systems
in which the same effector oligonucleotide can serve as either
an inducer or a repressor can also be designed rationally.394

These hairpin ribozyme variants were engineered for detect-
ing proteins such as human thrombin407 or the trp leader
mRNA, the RNA sequence tightly bound by theL-tryp-
tophan-activated trp-RNA-binding attenuation protein (TRAP)
of Bacillus subtilis.408 TRAP regulates the expression of
genes required forL-tryptophan biosynthesis in response to
changes in the intracellular level ofL-tryptophan.409 Com-
prising 11 identical protein subunits arranged in a single ring,
TRAP binds a specific RNA sequence in the nascenttrp-
mRNA transcript leader region, but only when cooperatively
activated by 11 boundL-tryptophan molecules.410-412 As in
the case of the miRNA-responsive hairpin ribozymes,393

variant ribozymes contained an additional domain C, comple-
mentary to this mRNA. Ribozyme activity can be switched
by hybridizing to the trp leader mRNA and then can be
specifically reverted by the TRAP-L-tryptophan complex
via sequestration. These reporter ribozymes thus can 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. Similarly, these reporter
hairpin ribozymes can also be regulated simultaneously by
an oligonucleotide effector and the small ligand flavin
mononucleotide, if the ribozyme harbors a corresponding
FMN aptamer.413 This example established a new principle
for the regulation of ribozyme catalysis in which two
regulatory factors (an oligonucleotide and a small molecule)
that switch the ribozyme’s activity in opposite directions
compete for the same binding site in the aptamer domain.

Other oligonucleotide-regulated catalytic nucleic acids are
based on RNA-cleaving catalytic DNAs.414 These DNAs,
called “10-23” and “8-17”, were obtained byin Vitro
selection.415 8-17 was originally selected as a deoxyribozyme,
termed “Mg5”, that cleaved a ribo-A residue imbedded in a
DNA sequence context.416,417 Later, Mg5 and 8-17 were
found to be identical.418 Based on similar catalytic DNAs, a
series of sensor systems for metal ions were developed.419

Recently, one of these systems was transformed into a
colorimetric lead biosensor by using the DNAzyme to
assemble gold nanoparticles.420,421 A similar principle of
detection of binding events with gold nanoparticles was
constructed which allowed the litmus-test-like detection of
adenine and cocaine.422-424 Similarly, aptamer-modified gold
nanoparticles were also applied for colorimetric determina-
tion of platelet-derived growth factors and their receptors.425

4.1.3. Aptazymes Based on Ligase Ribozymes

The aptazyme approach was broadened by using either
other ribozymes or different effector molecules. In this
manner, Ellington and co-workers engineered small-molecule-
dependent ligase ribozyme variants by using an artificial
oligonucleotide-dependent ligase ribozyme426 (Figure 19).

They used the aptamer domains of ATP113,345 and theo-
phylline347 and constructed allosteric ligase ribozymes now
dependent on ATP and theophylline, respectively.427 The

construction of FMN-dependent ligase ribozymes was shown
to be less efficient. Thus,in Vitro selection of FMN-
dependent ligase ribozyme variants was applied, similar to
a previous selection scheme.322 In another approach, ligase
aptazymes were used as the basis to construct artificial
nucleoprotein ribozymes.428 The resultant nucleoprotein
ligases were shown to interact with the cognate protein in a
similar way as aptamers do, and moreover, the ligase activity
of the ribozymes was activated upon addition of lysozyme
or Cyt18. In a second approach, Robertson et al. used the
same ligase library to gain HIV-1 Rev-dependent aptazyme
ligases.429 These results may have important implications on
the development of ligase-dependent diagnostic arrays for
the analysis of the HIV-1 proteome.99,430In a different study,
Thompson et al. enhanced the aptazyme technology by using
group I introns for engineering of theophylline-regulated
genetic switches. They demonstrated that the artificial

Figure 19. Random pool design and selection scheme for the ligase
ribozyme. (A) N90 pool. The substrate oligonucleotide is boxed in
gray, and the substrate binding site is boxed white. (B) The selection
scheme used to isolate ligase ribozymes from the N90 pool. Five
rounds of selection were performed with the pool of N90 RNA
molecules, captured on streptavidin agarose (SA; 11 o’clock) with
pool-specific primers and substrate oligonucleotides. After equili-
bration with MgCl2 in buffer, the reaction was initiated by addition
of a twofold molar excess of substrate oligonucleotide (gray box,
tag). RNA was then eluted from the streptavidin (1 o’clock), and
reactive molecules containing the “tag” sequences were affinity
purified according to which “tag” sequence was used (2 o’clock).
Columns were washed to remove members of the RNA pool that
had not reacted with the substrate; ribozymes were eluted with base
(3 o’clock). Selected populations were reverse transcribed with
SuperScript II reverse transcriptase (4 o’clock). The cDNA was
then PCR amplified (6 o’clock). This DNA was used as the input
for an additional, regenerative PCR amplification (8 o’clock). The
DNA was then transcribed (10 o’clock), and the resulting RNA
was used as the input for the next round of selection.
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theophylline-regulated group I intron was able to mediate
theophylline-dependent splicingin ViVo.325

4.1.4. Aptazymes Based on the Diels−Alderase Ribozyme
The Jäschke group expanded the aptazyme approach to a

ribozyme that catalyzes the Diels-Alder reaction.431,432This
ribozyme was shown to act as a Diels-Alder catalyst,
catalyzing a [4+2] cycloaddition reaction between the diene
anthracene and the dienophile maleimide.433-435 Helm et al.
usedin Vitro selection to identify communication modules
that enable the allosteric regulation of the Diels-Alder
ribozyme in response to the alkaloid theophylline.436 A
rational design approach led to Diels-Alder ribozymes that
can be allosterically controlled by three different chemical
effectors: the theophylline, the aminoglycoside tobramycin,
and a region of the mRNA encoding for the tumor-related
kinase Bcr-Abl.437 Due to the inherent fluorescence of the
anthracene moiety, the reactions of the ribozyme and the
described aptazymes can be easily monitored by fluorescence
spectroscopy. This might allow the direct application of the
Diels-Alderase aptazymes as signaling molecules in sensor-
based assays.

4.2. Riboswitches: Natural Regulatory Aptamers
The first hints, even though not finally proven, suggesting

the existence of natural regulatory aptamers, or riboswitches,
came from biochemical and genetic studies in bacteria
elucidating the mechanisms of feedback regulation of vitamin
and coenzyme biosynthesis pathways. For example, We-
glenski and colleagues observed homologies betweenin Vitro
selected RNA aptamers and RNA sequences in the 5′-
untranslated region (UTR) of transcripts of the arginase
structural gene (agaA) from Aspergillus nidulans.438 It was
found that, depending on the growth conditions, transcripts
of this gene showed differences in the fairly long and highly
structured 5′-UTRs. It was suggested that these UTRs contain
putative aptameric binding sites for arginine, which suggested
a participation of the amino acid in regulation of agaA-
expression via aptameric binding to this 5′-UTR RNA.

The analysis of the transcripts of several operons, encoding
for the genes that are mandatory for the biosynthesis of
vitamins and coenzymes, such as thiamine, adenosylcobal-
amine, and flavin-mononucleotide (FMN), revealed evolu-
tionary conserved RNA regions located in the 5′-UTR of
these operons.439-445 Mutational studies illustrated that the
conserved RNA regions are necessary for the accurate
regulation of various biosynthesis genes.443,446-452 These
findings led to the assumption that either a vitamin or
coenzyme-dependent protein or the metabolite itself interacts
with the corresponding conserved mRNA region and thus
allows the genetic control of protein translation.453 Nou and
Kadner demonstrated that in the presence of adenosylcobal-
amine the binding of the ribosome to the to thebutBRNA,
an mRNA that encodes for a cobalamine transport protein,
is prevented.454 In accordance to that, Ravnum and Andersson
illustrated that cobalamine induces a distinct folding of the
mRNA that results in the sequestration of the ribosome
binding site (RBS).455 Finally, Nahvi et al. showed that the
btuB mRNA selectively binds coenzyme B12 without any
further need of a protein factor.456 The interaction of the
mRNA with the coenzyme molecule forced the mRNA into
a distinct conformation whereas the RBS is blocked and
hence translation initiation is inhibited. The mechanism by
which adenosylcobalamine influences gene expression relies

on both transcription attenuation and inhibition of transla-
tional initiation.455-457 Since the discovery of the adenosyl-
cobalamine-dependent riboswitch, a series of other distinct
riboswitches were identified. Currently, riboswitches regu-
lated by metabolites such as thiamine, FMN, guanine,
adenine, S-adenosylmethionine, glycine, and lysine are
known.458-467 The overall topology of riboswitches can be
divided into two communicating domains: (i) a highly
evolutionary conserved aptamer domain, that serves as a
specific and high affinity sensor for the metabolite molecule,
and (ii) the sequence variable expression platform by which
the riboswitch exerts its inhibitory or activation effect468

(Figure 20). The three-dimensional structures of some
riboswitch aptamer domains have been elucidated469-475 and
revealed that the metabolites stabilize secondary and tertiary
structure elements that are harnessed by the riboswitch to
modulate the synthesis of the proteins coded by the mRNA.
In addition, the structures provided insight into how folded
RNAs can form precision binding pockets that rival those
formed by protein genetic factors.

Riboswitches were found in Gram-positive as well as in
Gram-negative bacteria, and it is becoming apparent that
eukaryotes also possess these highly conserved ele-
ments.459,476,477In contrast to the fairly clear topology of the
riboswitches, the mechanisms by which they modulate gene
expression seem to be rather complex. In addition to the
inhibition of gene expression, the discovery of a riboswitch
that regulates ribozyme function and the adenine riboswitch
that activates gene expression strongly broadened the spectra

Figure 20. Overview of common principles of riboswitches. (A)
Termination of transcription: Upon binding of the regulatory
metabolite to the aptamer part of the riboswitch, reorganization of
stem-looped regions occurs. As a consequence, within the expres-
sion platform of the riboswitch, a transcriptional terminator structure
forms and gene expression is shut down. Blue, aptamer platform;
red, expression platform; ORF, open reading frame; RBS, ribosomal
binding site. (B) Inhibition of translational initiation occurs by a
similar mechanism involving refolded hairpin domains. Binding
of the metabolite to the aptamer platform results in folding of a
stem masking the ribosome binding site (RBS) and, hence, is
inhibiting gene expression. Blue, aptamer platform; red, expression
platform. (C) Activation of ribozyme cleavage was found in the
case of the glmS riboswitch. Glucosamine-6-phosphate (Glc6P)
binds to the 5′-UTR of the message and thereby activates ribozyme
cleavage, resulting in inhibition of gene expression. The metabolite
presumably acts as true cofactor of the cleavage reaction rather
than inducing the active ribozyme fold.
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of riboswitch-mediated genetic control.478,479Recent findings
of the ribozyme-mediated glmS riboswitch point to the
possibility that the regulating metabolite, glucosamine-6-
phosphate (Glc6P), is actively participating in the cleavage
reaction as cofactor instead of inducing the activated structure
of the ribozyme;480,481 see Figure 20C. Recent evidence
indicates the use of riboswitches for splicing control in
eukaryotes further enhances the portfolio of metabolite-
regulated genetic switches.482 Being regulated by small
molecule metabolites, riboswitches may be interesting can-
didate target molecules for the development of novel
antibacterial compounds.483 Currently, assays that are com-
patible with high-throughput screening of riboswitch inhibi-
tors are being developed,484-486 and the first antibacterial
small molecule inhibitors that target riboswitches have been
reported.487,488

4.3. Artificial Riboswitches

Prior to the discovery of riboswitches in nature, the
underlying principle was already realized in artificial systems.
By introducing aptamers that bind to Hoechst dyes H33258
and H33342 into the 5′-UTR of a â-galactosidase reporter,
small molecule-mediated repression of translation was
observed in mammalian cells.489 Translational control ele-
ments based on tetracycline and theophylline-controlled
aptamer have been realized in yeast.490-492 In these studies,
the potential of aptamer/ligand interactions to suppress
translation was demonstrated using reporter genes (Figure
21).

In contrast, Grate and Wilson inserted a malachite green
aptamer111 into the 5′-UTR of a cyclin transcript inS.
cereVisiae, thereby rendering the cell cycle control responsive
to the triphenylmethane dye.105 Taken together, the approach
of inserting small molecule-binding aptamers into transcripts
demonstrates the possibility of specifically regulating gene
expression on the translational level. Whether the technique
possesses further potential toward applications in disease-
related therapy remains to be shown.

Mulligan et al. recently introduced an exogenous control
system for regulating gene expression in mammalian cell
lines.493,494 By positioning a modified version of the Sm 1
hammerhead ribozyme from the trematodeSchistosoma
mansoni, termed N79, into different untranslated regions
upstream and downstream of a LacZ reporter gene, the
expression of this gene was suppressed by the ribozyme’s
constitutive cleavage activity495-497 (Figure 22A). However,
gene expression could be switched on by adding either an
oligonucleotide complementary to the ribozyme or a small-
molecule inhibitor of ribozyme activity, thereby interfering
with the self-cleavage activity of N79 (Figure 22B). These
tailor-made inducers of gene expression were even shown
to work in mice. Together with other methods, like intra-
mers9,16,26,27or aptazymes,10,228,244,498it may be possible to
engineer systems for the regulation ofin ViVo gene expression
to respond to virtually any small molecule or metabolite.

It is also possible to applyin Vitro selected aptamers for
creatingE. coli strains that activate protein translation only
in the presence of the cognate small molecule.499 The
theophylline aptamer347 was transformed into a synthetic
riboswitch by subcloning it upstream of the ribosome binding
site of aâ-galactosidase reporter gene that allowed accurate
measurement of small changes inâ-galactosidase activity
in response to theophylline binding. Interestingly, cells that
harbored the aptamer could specifically be amplified from a
pool containing a 106-fold excess of cells expressing a mutant
aptamer which do not respond to theophylline. This result
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.

4.4. Natural versus in Vitro Selected Aptamers
Comparisons of natural aptamers within Vitro selected

aptamers reveal distinct differences between the two species.
First, the binding motifs of some natural aptamers are longer
than the motifs found byin Vitro selection.468 Second, the
affinities of the natural aptamers for their cognate target
molecules are significantly higher than many of those found
with artificial aptamers.323,468Interestingly, a recentin Vitro
selection study revealed that RNA aptamers with a higher

Figure 21. Aptamer sequences can be introduced into the 5′-UTR
of reporter genes. Upon the addition of their cognate ligands, e.g.,
tetracycline, theophylline, or the Hoechst dye H33258, the transla-
tion of the reporter is suppressed.

Figure 22. Modulating gene expression with ligand-regulated
ribozymes. (A) Ribozyme-mediated inhibition of gene expression.
A hammerhead ribozyme derived fromS. mansoniwas introduced
into the 5-UTR of an mRNA. The fast cleavage kinetics of the
ribozyme results in an mRNA that has lost the 5′-capped fragment,
resulting in inhibition of gene expression. Gray box, open reading
frame; white box, hammerhead ribozyme. (B) Activation of gene
expression by hammerhead inhibitors. Translation of intact mRNA
and, hence, gene expression is facilitated by addition of hammerhead
ribozyme inhibitors (star). Gray box, open reading frame; white
box, hammerhead ribozyme.
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affinity for GTP are more informationally complex than
lower affinity aptamers. Carothers, Szostak, and colleagues
have experimentally measured the amount of information
required to specify each optimal binding structure in 11
distinct GTP-binding RNA aptamers.500 This analysis re-
vealed that defining a structure capable of 10-fold tighter
binding requires approximately 10 additional bits of informa-
tion. This increase in information content is equivalent to
specifying the identity of five additional nucleotide positions
and corresponds to an approximately 1000-fold decrease in
abundance in a sample of random sequences. However, the
comparison of the binding specificities of these aptamers
using a diversity of chemical analogues of GTP revealed
distinct patterns of specificity for each individual aptamer,
indicating that each aptamer had found a unique three-
dimensional solution for GTP binding.501 This analysis also
showed that aptamers that bind their ligand with higher
affinity do not necessarily bind this ligand more specifically
than a lower affinity aptamer. Thus, additional information
needed to improve affinity does not specify more interactions
with the ligand. Structural studies carried out with a high-
affinity GTP-binding aptamer suggested that the additional
components of information in an aptamer leading to tighter
binding are primarily utilized for stabilization of RNA tertiary
structure with additional RNA-RNA contacts as opposed
to increasing the number of specific contacts to the ligand.502

Intensive analysis of metabolites and their derivatives
binding to natural aptamer domains suggested that the
aptamer domains in riboswitches appear to utilize the entire
metabolite for high affinity binding.458,460,466However, the
crystal structures of the thiamine riboswitches revealed
that the interaction of the metabolites with the aptamer
domains actually depends on the presence of the phosphate
groups,472,473,475whereas the central thiazole moiety is not
recognized by the RNA and can be substituted by a pyridyl
moiety, as found in pyrithiamine pyrophosphate.487 Although
the phosphate group is anionic so that the RNA has to
overcome electrostatic barriers, it can form such interaction
profiles by folding into sophisticated shapes and by position-
ing divalent metal ions, allowing it to bind, in principle, to
almost any desired molecule independent of its overall
charge.

In Vitro selected aptamers raised against nucleotide co-
factors such as ATP revealed a strict prevalence for the
nucleotide moiety of the molecules and showed no binding
dependence on phosphate groups.327,503Indeed, targeting the
phosphate group seems to be very challenging and hard to
obtain byin Vitro selection.503 Nevertheless, a recent example
demonstrates thatin Vitro selection experiments can actually
be driven in a way that favors triphosphate over nucleotide
binding of RNA aptamers.504 Affinity measurements of the
resultant ATP binding aptamer revealed a discrimination
factor of 64 over ADP and 1100 over AMP, respectively
(Figure 23). This result demonstrates that sophisticated
selection protocols can be applied to gain novel artificial
aptamers with enhanced specificities and affinities in com-
bination with alternative binding modes. The modular
topology of riboswitches, bearing a highly conserved and
structured aptamer domain in combination with an expression
platform for mediating gene regulatory effects, consequently
leads to the desire for developing novel engineered ribo-
switches on the basis ofin Vitro selected RNA aptamers.

5. Conclusion
Aptamer technology has matured over the last 17 years

from being a technique to identify ligands for organic dyes
and proteins to a wide research field, providing sophisticated
inhibitory molecules that allow functional interference in
biological systems. The main quality of aptamers might be
their flexible applicability. The nucleic acid nature of
aptamers allows their synthetic access and, hence, their
convenient and versatile modification with functional groups.
In this sense, they should be considered to be “chemicals”
rather than “biologicals”. Aptamers can therefore be em-
ployed for various applications ranging from diagnostic to
therapeutic assay formats. Although the first therapeutic
aptamers are currently emerging, a potential shortcoming that
narrows their therapeutic utility to targets on the cell surface
or secreted proteins lies perhaps in their nucleic acid nature.
The fact that aptamers are intrinsically negatively charged
and thus will not easily cross cellular membranes makes it
difficult to imagine that they will find equally broad
therapeutic application for intracellular target proteins.
However, recent developments in the aptamer technology
further underline the feasibility of aptamers to streamline
the drug discovery process. It is possible to transfer the
functional properties of aptamers to small molecules with
inherited properties.241,351-353,361,505,506In addition, a wide
range of delivery systems have been developed to facilitate
intracellulardeliveryoftherapeuticnucleicacidsingeneral,507-517

many of which will likely also work for aptamers.
It is interesting to note that, for virtually all mechanisms

currently known to be harnessed by natural riboswitches to

Figure 23. RNA-based ATP aptamer that is able to discriminate
between adenosine ligands based on their 5′ phosphorylation state.
This aptamer was obtained by applying a selective pressure that
demands recognition of the 5′-triphosphate. It binds to ATP with a
Kd of approximately 5µM and to AMP with aKd of approximately
5.5 mM, a difference of 1100-fold. This aptamer demonstrates that
small RNAs can utilize negatively charged moieties for interaction.
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control gene expression, an original precedent of analogous
artificial systems that were constructed in the laboratory can
be quoted:in Vitro selected aptamers that affect translation
of reporter genes in cells489 preceded the discovery of similar-
acting natural riboswitches.520 Engineered allosteric ribo-
zymes regulated by small organic molecules antedated the
recent discovery of the first catalytic riboswitch regulated
by glucosamine-6-phosphate. For decades, scientists have
been guided in the construction of synthetic model systems
that mimic functional principles applied by the corresponding
archetypes of nature. It is rewarding to see that, in the case
of riboswitches, engineering of functional nucleic acid
molecules inspired the search for and discovery of closely
related natural counterparts.

In recent years, aptamers have particularly proven useful
in bioanalytical applications. Methods of chemically modify-
ing aptamers have advanced in multifaceted fashion to over-
come the shortcoming of their inherent instability or to dec-
orate them with additional functionality. Because aptamers
can be selected for almost any target and because of the
endless opportunities to chemically couple them to “detec-
tors”, there are infinite approaches in which aptamers could
become a very useful addition to the biodiagnostics toolkit.

Taken together, aptamers represent versatile tools for the
functional characterization of biomolecules, their detection,
therapeutic intervention, and the development of small
molecules that serve as pharmaceutical lead compounds.
Aptamers are now established as key players on these stages,
and it can be expected that they will continue to open up
entirely new possibilities in the future.
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(175) Jäger, S.; Rasched, G.; Kornreich-Leshem, H.; Engeser, M.; Thum,

O.; Famulok, M.J. Am. Chem. Soc.2005, 127, 15071.
(176) Summerer, D.; Marx, A.Angew. Chem., Int. Ed.2001, 40, 3693.
(177) Chaput, J. C.; Ichida, J. K.; Szostak, J. W.J. Am. Chem. Soc.2003,

125, 856.
(178) Chaput, J. C.; Szostak, J. W.J. Am. Chem. Soc.2003, 125, 9274.
(179) Summerer, D.; Marx, A.Bioorg. Med. Chem. Lett.2005, 15, 869.
(180) Kato, Y.; Minakawa, N.; Komatsu, Y.; Kamiya, H.; Ogawa, N.;

Harashima, H.; Matsuda, A.Nucleic Acids Res.2005, 33, 2942.
(181) Lato, S. M.; Ozerova, N. D.; He, K.; Sergueeva, Z.; Shaw, B. R.;

Burke, D. H.Nucleic Acids Res.2002, 30, 1401.
(182) Verma, S.; Ja¨ger, S.; Thum, O.; Famulok, M.Chem. Rec.2003, 3,

51.
(183) Wilson, C.; Keefe, A. D.Curr. Opin. Chem. Biol.2006, 10, 607.
(184) Lee, S. W.; Sullenger, B. A.Nat. Biotechnol.1997, 15, 41.
(185) Lee, S. W.; Sullenger, B. A.J. Exp. Med.1996, 184, 315.

(186) Pagratis, N. C.; Bell, C.; Chang, Y. F.; Jennings, S.; Fitzwater, T.;
Jellinek, D.; Dang, C.Nat. Biotechnol.1997, 15, 68.

(187) Hwang, B.; Lee, S. W.Biochem. Biophys. Res. Commun.2002, 290,
656.

(188) Sekiya, S.; Noda, K.; Nishikawa, F.; Yokoyama, T.; Kumar, P. K.;
Nishikawa, S.J. Biochem.2006, 139, 383.

(189) Cerchia, L.; D’Alessio, A.; Amabile, G.; Duconge, F.; Pestourie, C.;
Tavitian, B.; Libri, D.; de Franciscis, V.Mol. Cancer Res.2006, 4,
481.

(190) Rhodes, A.; Deakin, A.; Spaull, J.; Coomber, B.; Aitken, A.; Life,
P.; Rees, S.J. Biol. Chem.2000, 275, 28555.

(191) Forster, C.; Brauer, A. B.; Brode, S.; Schmidt, K. S.; Perbandt, M.;
Meyer, A.; Rypniewski, W.; Betzel, C.; Kurreck, J.; Furste, J. P.;
Erdmann, V. A.Acta Crystallogr., F: Struct. Biol. Cryst. Commun.
2006, 62, 665.

(192) King, D. J.; Bassett, S. E.; Li, X.; Fennewald, S. A.; Herzog, N. K.;
Luxon, B. A.; Shope, R.; Gorenstein, D. G.Biochemistry2002, 41,
9696.

(193) Schmidt, K. S.; Borkowski, S.; Kurreck, J.; Stephens, A. W.; Bald,
R.; Hecht, M.; Friebe, M.; Dinkelborg, L.; Erdmann, V. A.Nucleic
Acids Res.2004, 32, 5757.

(194) Di Giusto, D. A.; King, G. C.J. Biol. Chem.2004, 279, 46483.
(195) Di Giusto, D. A.; Wlassoff, W. A.; Gooding, J. J.; Messerle, B. A.;

King, G. C.Nucleic Acids Res.2005, 33, e64.
(196) Di Giusto, D. A.; Knox, S. M.; Lai, Y.; Tyrelle, G. D.; Aung, M. T.;

King, G. C.ChemBioChem2006, 7, 535.
(197) Bugaut, A.; Toulme, J. J.; Rayner, B.Org. Biomol. Chem.2006, 4,

4082.
(198) Nolte, A.; Klussmann, S.; Bald, R.; Erdmann, V. A.; Fu¨rste, J. P.

Nat. Biotechnol.1996, 14, 1116.
(199) Williams, K. P.; Liu, X. H.; Schumacher, T. N.; Lin, H. Y.; Ausiello,

D. A.; Kim, P. S.; Bartel, D. P.Proc. Natl. Acad. Sci. U.S.A.1997,
94, 11285.

(200) Wlotzka, B.; Leva, S.; Eschgfaller, B.; Burmeister, J.; Kleinjung,
F.; Kaduk, C.; Muhn, P.; Hess-Stumpp, H.; Klussmann, S.Proc. Natl.
Acad. Sci. U.S.A.2002, 99, 8898.

(201) Leva, S.; Lichte, A.; Burmeister, J.; Muhn, P.; Jahnke, B.; Fesser,
D.; Erfurth, J.; Burgstaller, P.; Klussmann, S.Chem. Biol.2002, 9,
351.

(202) Helmling, S.; Maasch, C.; Eulberg, D.; Buchner, K.; Schro¨der, W.;
Lange, C.; Vonhoff, S.; Wlotzka, B.; Tschop, M. H.; Rosewicz, S.;
Klussmann, S.Proc. Natl. Acad. Sci. U.S.A.2004, 101, 13174.

(203) Kobelt, P.; Helmling, S.; Stengel, A.; Wlotzka, B.; Andresen, V.;
Klapp, B. F.; Wiedenmann, B.; Klussmann, S.; Monnikes, H.Gut
2006, 55, 788.

(204) Shearman, L. P.; Wang, S. P.; Helmling, S.; Stribling, D. S.; Mazur,
P.; Ge, L.; Wang, L.; Klussmann, S.; Macintyre, D. E.; Howard, A.
D.; Strack, A. M.Endocrinology2006, 147, 1517.

(205) Helmling, S.; Jarosch, F.; Klussmann, S.Drug News Perspect.2006,
19, 13.

(206) Dapic, V.; Abdomerovic, V.; Marrington, R.; Peberdy, J.; Rodger,
A.; Trent, J. O.; Bates, P. J.Nucleic Acids Res.2003, 31, 2097.

(207) Mann, M. J.; Whittemore, A. D.; Donaldson, M. C.; Belkin, M.;
Conte, M. S.; Polak, J. F.; Orav, E. J.; Ehsan, A.; Dell’Acqua, G.;
Dzau, V. J.Lancet1999, 354, 1493.

(208) Mann, M. J.; Conte, M. S.Am. J. CardioVasc. Drugs2003, 3, 79.
(209) Hicke, B. J.; Stephens, A. W.J. Clin. InVest.2000, 106, 923.
(210) Healy, J. M.; Lewis, S. D.; Kurz, M.; Boomer, R. M.; Thompson,

K. M.; Wilson, C.; McCauley, T. G.Pharm. Res.2004, 21, 2234.
(211) Dougan, H.; Lyster, D. M.; Vo, C. V.; Stafford, A.; Weitz, J. I.;

Hobbs, J. B.Nucl. Med. Biol.2000, 27, 289.
(212) Tucker, C. E.; Chen, L. S.; Judkins, M. B.; Farmer, J. A.; Gill, S.

C.; Drolet, D. W.J. Chromatogr., B: Biomed. Sci. Appl.1999, 732,
203.

(213) Watson, S. R.; Chang, Y. F.; O’Connell, D.; Weigand, L.; Ringquist,
S.; Parma, D. H.Antisense Nucleic Acid Drug DeV. 2000, 10, 63.

(214) Willis, M.; Forssen, E.AdV. Drug DeliVery ReV. 1998, 29, 249.
(215) Shoji, Y.; Shimada, J.; Mizushima, Y.Curr. Pharm. Des.2002, 8,

455.
(216) Jarver, P.; Langel, U.Drug DiscoVery Today2004, 9, 395.
(217) Anson, D. S.Genet. Vaccines Ther.2004, 2, 9.
(218) Devroe, E.; Silver, P. A.Expert Opin. Biol. Ther.2004, 4, 319.
(219) Lundstrom, K.Trends Biotechnol.2003, 21, 117.
(220) Medina, M. F.; Joshi, S.Curr. Opin. Mol. Ther.1999, 1, 580.
(221) Herweijer, H.; Wolff, J. A.Gene Ther.2003, 10, 453.
(222) Liu, F.; Liang, K. W.; Huang, L.Mol. InterVentions2001, 1, 168.
(223) Duzgunes, N.; Pretzer, E.; Simoes, S.; Slepushkin, V.; Konopka, K.;

Flasher, D.; de Lima, M. C.Mol. Membr. Biol.1999, 16, 111.
(224) Smyth Templeton, N.Expert Opin. Biol. Ther.2003, 3, 57.
(225) Ulrich, A. S.Biosci. Rep.2002, 22, 129.
(226) Dass, C. R.Drug DeliVery 2002, 9, 169.
(227) Burke, D. H.; Nickens, D. G.Briefings Funct. Genomics Proteomics

2002, 1, 169.

Functional Aptamers and Aptazymes Chemical Reviews, 2007, Vol. 107, No. 9 3739



(228) Famulok, M.; Mayer, G.ChemBioChem2005, 6, 19.
(229) Ulrich, H.Handb. Exp. Pharmacol.2006, 305.
(230) Waheed, N. K.; Miller, J. W.Int. Ophthalmol. Clin.2004, 44, 11.
(231) Klug, S. J.; Huttenhofer, A.; Kromayer, M.; Famulok, M.Proc. Natl.

Acad. Sci. U.S.A.1997, 94, 6676.
(232) Zhang, L.; Yoo, S.; Dritschilo, A.; Belyaev, I.; Soldatenkov, V.Int.

J. Mol. Med.2004, 14, 153.
(233) Geiger, C.; Nagel, W.; Boehm, T.; van Kooyk, Y.; Figdor, C. G.;

Kremmer, E.; Hogg, N.; Zeitlmann, L.; Dierks, H.; Weber, K. S.;
Kolanus, W.EMBO J.2000, 19, 2525.

(234) Frank, S. R.; Hatfield, J. C.; Casanova, J. E.Mol. Biol. Cell 1998, 9,
3133.

(235) Mayer, G.; Blind, M.; Nagel, W.; Bohm, T.; Knorr, T.; Jackson, C.
L.; Kolanus, W.; Famulok, M.Proc. Natl. Acad. Sci. U.S.A.2001,
98, 4961.

(236) Novick, P.; Ferro, S.; Schekman, R.Cell 1981, 25, 461.
(237) Kolanus, W.; Nagel, W.; Schiller, B.; Zeitlmann, L.; Godar, S.;

Stockinger, H.; Seed, B.Cell 1996, 86, 233.
(238) Chardin, P.; Paris, S.; Antonny, B.; Robineau, S.; Beraud-Dufour,

S.; Jackson, C. L.; Chabre, M.Nature1996, 384, 481.
(239) Donaldson, J. G.; Jackson, C. L.Curr. Opin. Cell. Biol.2000, 12,

475.
(240) Blind, M.; Kolanus, W.; Famulok, M.Proc. Natl. Acad. Sci. U.S.A.

1999, 96, 3606.
(241) Hafner, M.; Schmitz, A.; Grune, I.; Srivatsan, S. G.; Paul, B.; Kolanus,

W.; Quast, T.; Kremmer, E.; Bauer, I.; Famulok, M.Nature2006,
444, 941.

(242) Sengle, G.; Jenne, A.; Arora, P. S.; Seelig, B.; Nowick, J. S.; Ja¨schke,
A.; Famulok, M.Bioorg. Med. Chem.2000, 8, 1317.

(243) Fuss, B.; Becker, T.; Zinke, I.; Hoch, M.Nature2006, 444, 945.
(244) Famulok, M.Curr. Opin. Mol. Ther.2005, 7, 137.
(245) Jackson, C.Nature2006, 444, 833.
(246) Theis, M. G.; Knorre, A.; Kellersch, B.; Moelleken, J.; Wieland, F.;

Kolanus, W.; Famulok, M.Proc. Natl. Acad. Sci. U.S.A.2004, 101,
11221.

(247) Santy, L. C.; Casanova, J. E.Curr. Biol. 2002, 12, R360.
(248) Hill, C. S.; Wynne, J.; Treisman, R.Cell 1995, 81, 1159.
(249) Choi, K. H.; Park, M. W.; Lee, S. Y.; Jeon, M. Y.; Kim, M. Y.; Lee,

H. K.; Yu, J.; Kim, H. J.; Han, K.; Lee, H.; Park, K.; Park, W. J.;
Jeong, S.Mol. Cancer Ther.2006, 5, 2428.

(250) Lee, H. K.; Choi, Y. S.; Park, Y. A.; Jeong, S.Cancer Res.2006,
66, 10560.

(251) Shi, H.; Hoffman, B. E.; Lis, J. T.Proc. Natl. Acad. Sci. U.S.A.1999,
96, 10033.

(252) Shi, H.; Hoffman, B. E.; Lis, J. T.Mol. Cell. Biol. 1997, 17, 2649.
(253) Lee, D.; McClain, W. H.RNA2004, 10, 7.
(254) Ishizaki, J.; Nevins, J. R.; Sullenger, B. A.Nat. Med.1996, 2, 1386.
(255) Martell, R. E.; Nevins, J. R.; Sullenger, B. A.Mol. Ther.2002, 6,

30.
(256) Lebruska, L. L.; Maher, L. J., III.Biochemistry1999, 38, 3168.
(257) Cassiday, L. A.; Maher, L. J., III.Biochemistry2001, 40, 2433.
(258) Cassiday, L. A.; Maher, L. J., III.Proc. Natl. Acad. Sci. U.S.A.2003,

100, 3930.
(259) Chan, R.; Gilbert, M.; Thompson, K. M.; Marsh, H. N.; Epstein, D.

M.; Pendergrast, P. S.Nucleic Acids Res.2006, 34, e36.
(260) McNamara, J. O., II; Andrechek, E. R.; Wang, Y.; Viles, K. D.;

Rempel, R. E.; Gilboa, E.; Sullenger, B. A.; Giangrande, P. H.Nat.
Biotechnol.2006, 24, 1005.

(261) Joshi, P. J.; Fisher, T. S.; Prasad, V. R.Curr. Drug Targets Infect.
Disord. 2003, 3, 383.

(262) Sayer, N.; Ibrahim, J.; Turner, K.; Tahiri-Alaoui, A.; James, W.
Biochem. Biophys. Res. Commun.2002, 293, 924.

(263) Khati, M.; Schuman, M.; Ibrahim, J.; Sattentau, Q.; Gordon, S.; James,
W. J. Virol. 2003, 77, 12692.

(264) Dey, A. K.; Khati, M.; Tang, M.; Wyatt, R.; Lea, S. M.; James, W.
J. Virol. 2005, 79, 13806.

(265) Dey, A. K.; Griffiths, C.; Lea, S. M.; James, W.RNA2005, 11, 873.
(266) Jing, N.; Hogan, M. E.J. Biol. Chem.1998, 273, 34992.
(267) Jing, N.; De Clercq, E.; Rando, R. F.; Pallansch, L.; Lackman-Smith,

C.; Lee, S.; Hogan, M. E.J. Biol. Chem.2000, 275, 3421.
(268) Jing, N.; Marchand, C.; Liu, J.; Mitra, R.; Hogan, M. E.; Pommier,

Y. J. Biol. Chem.2000, 275, 21460.
(269) Phan, A. T.; Kuryavyi, V.; Ma, J. B.; Faure, A.; Andreola, M. L.;

Patel, D. J.Proc. Natl. Acad. Sci. U.S.A.2005, 102, 634.
(270) Nickens, D. G.; Patterson, J. T.; Burke, D. H.RNA2003, 9, 1029.
(271) Kensch, O.; Connolly, B. A.; Steinhoff, H. J.; McGregor, A.; Goody,

R. S.; Restle, T.J. Biol. Chem.2000, 275, 18271.
(272) Tuerk, C.; MacDougal, S.; Gold, L.Proc. Natl. Acad. Sci. U.S.A.

1992, 89, 6988.
(273) Tuerk, C.; MacDougal-Waugh, S.Gene1993, 137, 33.
(274) Chaloin, L.; Lehmann, M. J.; Sczakiel, G.; Restle, T.Nucleic Acids

Res.2002, 30, 4001.
(275) Joshi, P.; Prasad, V. R.J. Virol. 2002, 76, 6545.

(276) Fisher, T. S.; Joshi, P.; Prasad, V. R.J. Virol. 2002, 76, 4068.
(277) Hannoush, R. N.; Carriero, S.; Min, K. L.; Damha, M. J.ChemBio-

Chem2004, 5, 527.
(278) Good, P. D.; Krikos, A. J.; Li, S. X.; Bertrand, E.; Lee, N. S.; Giver,

L.; Ellington, A.; Zaia, J. A.; Rossi, J. J.; Engelke, D. R.Gene Ther.
1997, 4, 45.

(279) Dropulic, B.; Elkins, D. A.; Rossi, J. J.; Sarver, N.Antisense Res.
DeV. 1993, 3, 87.

(280) Sarver, N.; Cantin, E. M.; Chang, P. S.; Zaia, J. A.; Ladne, P. A.;
Stephens, D. A.; Rossi, J. J.Science1990, 247, 1222.

(281) Castanotto, D.; Rossi, J. J.; Sarver, N.AdV. Pharmacol.1994, 25,
289.

(282) Li, G.; Lisziewicz, J.; Sun, D.; Zon, G.; Daefler, S.; Wong-Staal, F.;
Gallo, R. C.; Klotman, M. E.J. Virol. 1993, 67, 6882.

(283) Matsugami, A.; Kobayashi, S.; Ouhashi, K.; Uesugi, S.; Yamamoto,
R.; Taira, K.; Nishikawa, S.; Kumar, P. K.; Katahira, M.Structure
2003, 11, 533.

(284) Ye, X.; Gorin, A.; Ellington, A. D.; Patel, D. J.Nat. Struct. Biol.
1996, 3, 1026.

(285) Konopka, K.; Lee, N. S.; Rossi, J.; Duzgunes, N.Gene2000, 255,
235.

(286) Konopka, K.; Duzgunes, N.; Rossi, J.; Lee, N. S.J. Drug Target.
1998, 5, 247.

(287) Kim, S. J.; Kim, M. Y.; Lee, J. H.; You, J. C.; Jeong, S.Biochem.
Biophys. Res. Commun.2002, 291, 925.

(288) Kim, M. Y.; Jeong, S.Biochem. Biophys. Res. Commun.2004, 320,
1181.

(289) Bai, J.; Banda, N.; Lee, N. S.; Rossi, J.; Akkina, R.Mol. Ther.2002,
6, 770.

(290) Koseki, S.; Ohkawa, J.; Yamamoto, R.; Takebe, Y.; Taira, K.J.
Controlled Release1998, 53, 159.

(291) Lisziewicz, J.; Sun, D.; Smythe, J.; Lusso, P.; Lori, F.; Louie, A.;
Markham, P.; Rossi, J.; Reitz, M.; Gallo, R. C.Proc. Natl. Acad.
Sci. U.S.A.1993, 90, 8000.

(292) Duzgunes, N.; Simoes, S.; Konopka, K.; Rossi, J. J.; Pedroso de Lima,
M. C. Expert Opin. Biol. Ther.2001, 1, 949.

(293) Fukuda, K.; Vishnuvardhan, D.; Sekiya, S.; Hwang, J.; Kakiuchi,
N.; Taira, K.; Shimotohno, K.; Kumar, P. K.; Nishikawa, S.Eur. J.
Biochem.2000, 267, 3685.

(294) Sekiya, S.; Nishikawa, F.; Fukuda, K.; Nishikawa, S.J. Biochem.
2003, 133, 351.

(295) Hwang, J.; Fauzi, H.; Fukuda, K.; Sekiya, S.; Kakiuchi, N.; Taira,
K.; Kusakabe, I.; Nishikawa, S.Nucleic Acids Symp. Ser.2000, 253.

(296) Nishikawa, F.; Kakiuchi, N.; Funaji, K.; Fukuda, K.; Sekiya, S.;
Nishikawa, S.Nucleic Acids Res.2003, 31, 1935.

(297) Fukuda, K.; Sekiya, S.; Kikuchi, K.; Funaji, K.; Kuno, A.; Hasegawa,
T.; Nishikawa, S.Nucleic Acids Res. Suppl.2001, 147.

(298) Toulme, J. J.; Darfeuille, F.; Kolb, G.; Chabas, S.; Staedel, C.Biol.
Cell 2003, 95, 229.

(299) Tallet-Lopez, B.; Aldaz-Carroll, L.; Chabas, S.; Dausse, E.; Staedel,
C.; Toulme, J. J.Nucleic Acids Res.2003, 31, 734.

(300) Darfeuille, F.; Cazenave, C.; Gryaznov, S.; Duconge, F.; Di Primo,
C.; Toulme, J. J.Nucleosides Nucleotides2001, 20, 441.

(301) Darfeuille, F.; Arzumanov, A.; Gait, M. J.; Di Primo, C.; Toulme, J.
J. Biochemistry2002, 41, 12186.

(302) Duconge, F.; Toulme, J. J.RNA1999, 5, 1605.
(303) Aldaz-Carroll, L.; Tallet, B.; Dausse, E.; Yurchenko, L.; Toulme, J.

J. Biochemistry2002, 41, 5883.
(304) Boiziau, C.; Dausse, E.; Yurchenko, L.; Toulme, J. J.J. Biol. Chem.

1999, 274, 12730.
(305) Collin, D.; van Heijenoort, C.; Boiziau, C.; Toulme, J. J.; Guittet, E.

Nucleic Acids Res.2000, 28, 3386.
(306) Hwang, B.; Han, K.; Lee, S. W.FEBS Lett.2003, 548, 85.
(307) Green, L. S.; Jellinek, D.; Jenison, R.; Ostman, A.; Heldin, C. H.;

Janjic, N.Biochemistry1996, 35, 14413.
(308) Johnson, R. J.; Raines, E. W.; Floege, J.; Yoshimura, A.; Pritzl, P.;

Alpers, C.; Ross, R.J. Exp. Med.1992, 175, 1413.
(309) Raffetseder, U.; Wernert, N.; Ostendorf, T.; van Roeyen, C.; Rauen,

T.; Behrens, P.; Floege, J.; Mertens, P. R.Kidney Int.2004, 66, 622.
(310) Balasubramaniam, V.; Le Cras, T. D.; Ivy, D. D.; Grover, T. R.;

Kinsella, J. P.; Abman, S. H.Am. J. Physiol. Lung Cell. Mol. Physiol.
2003, 284, L826.

(311) Grover, T. R.; Parker, T. A.; Zenge, J. P.; Markham, N. E.; Kinsella,
J. P.; Abman, S. H.Am. J. Physiol. Lung Cell. Mol. Physiol.2003,
284, L508.

(312) Huang, J.; Moore, J.; Soffer, S.; Kim, E.; Rowe, D.; Manley, C. A.;
O’Toole, K.; Middlesworth, W.; Stolar, C.; Yamashiro, D.; Kandel,
J. J. Pediatr. Surg.2001, 36, 357.

(313) Ishida, S.; Usui, T.; Yamashiro, K.; Kaji, Y.; Amano, S.; Ogura, Y.;
Hida, T.; Oguchi, Y.; Ambati, J.; Miller, J. W.; Gragoudas, E. S.;
Ng, Y. S.; D’Amore, P. A.; Shima, D. T.; Adamis, A. P.J. Exp.
Med.2003, 198, 483.

3740 Chemical Reviews, 2007, Vol. 107, No. 9 Famulok et al.



(314) Carrasquillo, K. G.; Ricker, J. A.; Rigas, I. K.; Miller, J. W.;
Gragoudas, E. S.; Adamis, A. P.InVest. Ophthalmol. Vis. Sci.2003,
44, 290.

(315) Chu, T. C.; Twu, K. Y.; Ellington, A. D.; Levy, M.Nucleic Acids
Res.2006, 34, e73.

(316) Farokhzad, O. C.; Cheng, J.; Teply, B. A.; Sherifi, I.; Jon, S.; Kantoff,
P. W.; Richie, J. P.; Langer, R.Proc. Natl. Acad. Sci. U.S.A.2006,
103, 6315.

(317) Farokhzad, O. C.; Karp, J. M.; Langer, R.Expert Opin. Drug DeliVery
2006, 3, 311.

(318) Farokhzad, O. C.; Jon, S.; Khademhosseini, A.; Tran, T. N.; Lavan,
D. A.; Langer, R.Cancer Res.2004, 64, 7668.

(319) Engels, F. K.; Mathot, R. A.; Verweij, J.Anticancer Drugs2007,
18, 95.

(320) Chu, T. C.; Marks, J. W., III; Lavery, L. A.; Faulkner, S.; Rosenblum,
M. G.; Ellington, A. D.; Levy, M.Cancer Res.2006, 66, 5989.

(321) Bagalkot, V.; Farokhzad, O. C.; Langer, R.; Jon, S.Angew. Chem.,
Int. Ed. 2006, 45, 8149.

(322) Soukup, G. A.; Breaker, R. R.Trends Biotechnol.1999, 17, 469.
(323) Famulok, M.Curr. Opin. Struct. Biol.1999, 9, 324.
(324) Soukup, G. A.; Breaker, R. R.Curr. Opin. Struct. Biol.2000, 10,

318.
(325) Thompson, K. M.; Syrett, H. A.; Knudsen, S. M.; Ellington, A. D.

BMC Biotechnol.2002, 2, 21.
(326) Yang, Y.; Kochoyan, M.; Burgstaller, P.; Westhof, E.; Famulok, M.

Science1996, 272, 1343.
(327) Dieckmann, T.; Suzuki, E.; Nakamura, G. K.; Feigon, J.RNA1996,

2, 628.
(328) Feigon, J.; Dieckmann, T.; Smith, F. W.Chem. Biol.1996, 3, 611.
(329) Jiang, F.; Kumar, R. A.; Jones, R. A.; Patel, D. J.Nature1996, 382,

183.
(330) Lin, C. H.; Patel, D. J.Nat. Struct. Biol.1996, 3, 1046.
(331) Williamson, J. R.Nature1996, 382, 112.
(332) Zimmermann, G. R.; Jenison, R. D.; Wick, C. L.; Simorre, J. P.;

Pardi, A.Nat. Struct. Biol.1997, 4, 644.
(333) Lin, C. H.; Patel, D. J.Chem. Biol.1997, 4, 817.
(334) Jiang, L.; Suri, A. K.; Fiala, R.; Patel, D. J.Chem. Biol.1997, 4, 35.
(335) Jiang, L.; Patel, D. J.Nat. Struct. Biol.1998, 5, 769.
(336) Jiang, L.; Majumdar, A.; Hu, W.; Jaishree, T. J.; Xu, W.; Patel, D.

J. Struct. Fold. Des.1999, 7, 817.
(337) Jiang, F.; Gorin, A.; Hu, W.; Majumdar, A.; Baskerville, S.; Xu,

W.; Ellington, A.; Patel, D. J.Struct. Fold. Des.1999, 7, 1461.
(338) Patel, D. J.Curr. Opin. Struct. Biol.1999, 9, 74.
(339) Tereshko, V.; Skripkin, E.; Patel, D. J.Chem. Biol.2003, 10, 175.
(340) Nix, J.; Sussman, D.; Wilson, C.J. Mol. Biol. 2000, 296, 1235.
(341) Sussman, D.; Nix, J. C.; Wilson, C.Nat. Struct. Biol.2000, 7, 53.
(342) Tang, J.; Breaker, R. R.Chem. Biol.1997, 4, 453.
(343) Araki, M.; Okuno, Y.; Hara, Y.; Sugiura, Y.Nucleic Acids Res.1998,

26, 3379.
(344) Tang, J.; Breaker, R. R.Nucleic Acids Res.1998, 26, 4214.
(345) Sassanfar, M.; Szostak, J. W.Nature1993, 364, 550.
(346) Soukup, G. A.; Breaker, R. R.Proc. Natl. Acad. Sci. U.S.A.1999,

96, 3584.
(347) Jenison, R. D.; Gill, S. C.; Pardi, A.; Polisky, B.Science1994, 263,

1425.
(348) Kertsburg, A.; Soukup, G. A.Nucleic Acids Res.2002, 30, 4599.
(349) Jose, A. M.; Soukup, G. A.; Breaker, R. R.Nucleic Acids Res.2001,

29, 1631.
(350) Porta, H.; Lizardi, P. M.Biotechnology1995, 13, 161.
(351) Srinivasan, J.; Cload, S. T.; Hamaguchi, N.; Kurz, J.; Keene, S.; Kurz,

M.; Boomer, R. M.; Blanchard, J.; Epstein, D.; Wilson, C.; Diener,
J. L. Chem. Biol.2004, 11, 499.

(352) Nutiu, R.; Yu, J. M.; Li, Y.ChemBioChem2004, 5, 1139.
(353) Hartig, J. S.; Najafi-Shoushtari, S. H.; Grune, I.; Yan, A.; Ellington,

A. D.; Famulok, M.Nat. Biotechnol.2002, 20, 717.
(354) Peterson, R. D.; Feigon, J.J. Mol. Biol. 1996, 264, 863.
(355) Gosser, Y.; Hermann, T.; Majumdar, A.; Hu, W.; Frederick, R.; Jiang,

F.; Xu, W.; Patel, D. J.Nat. Struct. Biol.2001, 8, 146.
(356) Giver, L.; Bartel, D.; Zapp, M.; Pawul, A.; Green, M.; Ellington, A.

D. Nucleic Acids Res.1993, 21, 5509.
(357) Giver, L.; Bartel, D. P.; Zapp, M. L.; Green, M. R.; Ellington, A. D.

Gene1993, 137, 19.
(358) Jenne, A.; Gmelin, W.; Raffler, N.; Famulok, M.Angew. Chem., Int.

Ed. 1999, 38, 1300.
(359) Jenne, A.; Hartig, J. S.; Piganeau, N.; Tauer, A.; Samarsky, D. A.;

Green, M. R.; Davies, J.; Famulok, M.Nat. Biotechnol.2001, 19,
56.

(360) Hartig, J. S.; Famulok, M.Angew. Chem., Int. Ed.2002, 41, 4263.
(361) Yamazaki, S.; Tan, L.; Mayer, G.; Hartig, J. S.; Song, J.-N.; Reuter,

S.; Restle, T.; Laufer, S.; Grohmann, D.; Kra¨usslich, H.-G.; Bajorath,
J.; Famulok, M.Chem. Biol.2007, 14, 804.

(362) Ren, J.; Esnouf, R.; Garman, E.; Somers, D.; Ross, C.; Kirby, I.;
Keeling, J.; Darby, G.; Jones, Y.; Stuart, D.; et al.Nat. Struct. Biol.
1995, 2, 293.

(363) Huang, H.; Chopra, R.; Verdine, G. L.; Harrison, S. C.Science1998,
282, 1669.

(364) Ren, J.; Milton, J.; Weaver, K. L.; Short, S. A.; Stuart, D. I.;
Stammers, D. K.Structure2000, 8, 1089.

(365) Ren, J.; Bird, L. E.; Chamberlain, P. P.; Stewart-Jones, G. B.; Stuart,
D. I.; Stammers, D. K.Proc. Natl. Acad. Sci. U.S.A.2002, 99, 14410.

(366) Shafer, R. W.; Rhee, S.-Y.; Kiuchi, M.; Liu, T.; Zioni, R.; Gifford,
R. J.; Wang, C.; Khan, Z.; Goldman, S.; Mitsuya, Y.; Schapiro, J.
M.; Katzenstein, D. A.; Zolopa, A. R.; Betts, B. http://hivdb.stan-
ford.edu/.

(367) Fisher, T. S.; Darden, T.; Prasad, V. R.J. Virol. 2003, 77, 5837.
(368) Fisher, T. S.; Joshi, P.; Prasad, V. R.AIDS Res. Ther.2005, 2, 8.
(369) Joshi, P. J.; North, T. W.; Prasad, V. R.Mol. Ther.2005, 11, 677.
(370) Nutiu, R.; Li, Y.Chemistry2004, 10, 1868.
(371) Dingwall, C.; Ernberg, I.; Gait, M. J.; Green, S. M.; Heaphy, S.;

Karn, J.; Lowe, A. D.; Singh, M.; Skinner, M. A.; Valerio, R.Proc.
Natl. Acad. Sci. U.S.A.1989, 86, 6925.

(372) Wang, D. Y.; Sen, D.Comb. Chem. High Throughput Screening2002,
5, 301.

(373) Tao, J.; Frankel, A. D.Proc. Natl. Acad. Sci. U.S.A.1992, 89, 2723.
(374) Puglisi, J. D.; Tan, R.; Calnan, B. J.; Frankel, A. D.; Williamson, J.

R. Science1992, 257, 76.
(375) Vaish, N. K.; Dong, F.; Andrews, L.; Schweppe, R. E.; Ahn, N. G.;

Blatt, L.; Seiwert, S. D.Nat. Biotechnol.2002, 20, 810.
(376) Seiwert, S. D.; Stines Nahreini, T.; Aigner, S.; Ahn, N. G.; Uhlenbeck,

O. C. Chem. Biol.2000, 7, 833.
(377) Koizumi, M.; Soukup, G. A.; Kerr, J. N.; Breaker, R. R.Nat. Struct.

Biol. 1999, 6, 1062.
(378) Soukup, G. A.; Emilsson, G. A.; Breaker, R. R.J. Mol. Biol. 2000,

298, 623.
(379) Piganeau, N.; Jenne, A.; Thuillier, V.; Famulok, M.Angew. Chem.,

Int. Ed. 2000, 39, 4369.
(380) Piganeau, N.; Thuillier, V.; Famulok, M.J. Mol. Biol. 2001, 312,

1177.
(381) Ferguson, A.; Boomer, R. M.; Kurz, M.; Keene, S. C.; Diener, J. L.;

Keefe, A. D.; Wilson, C.; Cload, S. T.Nucleic Acids Res.2004, 32,
1756.

(382) Ferre-D’amare A. R.; Rupert, P. B.Biochem. Soc. Trans.2002, 30,
1105.

(383) Hampel, K. J.; Pinard, R.; Burke, J. M.Methods Enzymol.2001,
341, 566.

(384) Esteban, J. A.; Banerjee, A. R.; Burke, J. M.J. Biol. Chem.1997,
272, 13629.

(385) Rupert, P. B.; Ferre-D’Amare, A. R.Nature2001, 410, 780.
(386) Earnshaw, D. J.; Masquida, B.; Muller, S.; Sigurdsson, S. T.; Eckstein,

F.; Westhof, E.; Gait, M. J.J. Mol. Biol. 1997, 274, 197.
(387) Pinard, R.; Lambert, D.; Heckman, J. E.; Esteban, J. A.; Gundlach,

C. W. t.; Hampel, K. J.; Glick, G. D.; Walter, N. G.; Major, F.; Burke,
J. M. J. Mol. Biol. 2001, 307, 51.

(388) Butcher, S. E.; Allain, F. H.; Feigon, J.Nat. Struct. Biol.1999, 6,
212.

(389) Zhuang, X.; Kim, H.; Pereira, M. J.; Babcock, H. P.; Walter, N. G.;
Chu, S.Science2002, 296, 1473.

(390) Walter, N. G.; Burke, J. M.; Millar, D. P.Nat. Struct. Biol.1999, 6,
544.

(391) Esteban, J. A.; Walter, N. G.; Kotzorek, G.; Heckman, J. E.; Burke,
J. M. Proc. Natl. Acad. Sci. U.S.A.1998, 95, 6091.

(392) Raffler, N. A.; Schneider-Mergener, J.; Famulok, M.Chem. Biol.
2003, 10, 69.

(393) Hartig, J. S.; Grune, I.; Najafi-Shoushtari, S. H.; Famulok, M.J.
Am. Chem. Soc.2004, 126, 722.

(394) Najafi-Shoushtari, S. H.; Mayer, G.; Famulok, M.Nucleic Acids Res.
2004, 32, 3212.

(395) Sargueil, B.; Pecchia, D. B.; Burke, J. M.Biochemistry1995, 34,
7739.

(396) Komatsu, Y.; Nobuoka, K.; Karino-Abe, N.; Matsuda, A.; Ohtsuka,
E. Biochemistry2002, 41, 9090.

(397) Vauleon, S.; Muller, S.ChemBioChem2003, 4, 220.
(398) Famulok, M.Nature2004, 430, 976.
(399) Pasquinelli, A. E.; Ruvkun, G.Annu. ReV. Cell. DeV. Biol. 2002, 18,

495.
(400) Ambros, V.Cell 2003, 113, 673.
(401) Bartel, D. P.Cell 2004, 116, 281.
(402) Bartel, D. P.; Chen, C. Z.Nat. ReV. Genet.2004, 5, 396.
(403) Komatsu, Y.; Ohtsuka, E.Methods Mol. Biol.2004, 252, 165.
(404) Vaish, N. K.; Jadhav, V. R.; Kossen, K.; Pasko, C.; Andrews, L. E.;

McSwiggen, J. A.; Polisky, B.; Seiwert, S. D.RNA2003, 9, 1058.
(405) Fang, X.; Mi, Y.; Li, J. J.; Beck, T.; Schuster, S.; Tan, W.Cell.

Biochem. Biophys.2002, 37, 71.

Functional Aptamers and Aptazymes Chemical Reviews, 2007, Vol. 107, No. 9 3741



(406) Tsourkas, A.; Behlke, M. A.; Rose, S. D.; Bao, G.Nucleic Acids
Res.2003, 31, 1319.

(407) Najafi-Shoushtari, S. H.; Famulok, M.Blood Cells Mol. Dis.2007,
38, 19.

(408) Yanofsky, C.Annu. ReV. Biochem.2001, 70, 1.
(409) Elliott, M. B.; Gottlieb, P. A.; Gollnick, P.RNA2001, 7, 85.
(410) Babitzke, P.; Yanofsky, C.J. Biol. Chem.1995, 270, 12452.
(411) Antson, A. A.; Dodson, E. J.; Dodson, G.; Greaves, R. B.; Chen,

X.; Gollnick, P.Nature1999, 401, 235.
(412) Gollnick, P.; Baumann, C.; Yang, M.; Otridge, J.; Antson, A.Nucleic

Acids Symp. Ser.1995, 43.
(413) Najafi-Shoushtari, S. H.; Famulok, M.RNA2005, 11, 1514.
(414) Wang, D. Y.; Lai, B. H.; Sen, D.J. Mol. Biol. 2002, 318, 33.
(415) Santoro, S. W.; Joyce, G. F.Proc. Natl. Acad. Sci. U.S.A.1997, 94,

4262.
(416) Faulhammer, D.; Famulok, M.Angew. Chem., Int. Ed.1996, 35, 2837.
(417) Faulhammer, D.; Famulok, M.J. Mol. Biol. 1997, 269, 188.
(418) Peracchi, A.J. Biol. Chem.2000, 275, 11693.
(419) Lu, Y. Chemistry2002, 8, 4589.
(420) Liu, J.; Lu, Y.J. Am. Chem. Soc.2003, 125, 6642.
(421) Liu, J.; Lu, Y.J. Fluoresc.2004, 14, 343.
(422) Liu, J.; Lu, Y.Angew. Chem., Int. Ed.2005, 45, 90.
(423) Liu, J.; Mazumdar, D.; Lu, Y.Angew. Chem., Int. Ed.2006, 45, 7955.
(424) Famulok, M.; Mayer, G.Nature2006, 439, 666.
(425) Huang, C. C.; Huang, Y. F.; Cao, Z.; Tan, W.; Chang, H. T.Anal.

Chem.2005, 77, 5735.
(426) Robertson, M. P.; Ellington, A. D.Nat. Biotechnol.1999, 17, 62.
(427) Robertson, M. P.; Ellington, A. D.Nucleic Acids Res.2000, 28, 1751.
(428) Robertson, M. P.; Ellington, A. D.Nat. Biotechnol.2001, 19, 650.
(429) Robertson, M. P.; Knudsen, S. M.; Ellington, A. D.RNA2004, 10,

114.
(430) Hesselberth, J. R.; Robertson, M. P.; Knudsen, S. M.; Ellington, A.

D. Anal. Biochem.2003, 312, 106.
(431) Keiper, S.; Bebenroth, D.; Seelig, B.; Westhof, E.; Ja¨schke, A.Chem.

Biol. 2004, 11, 1217.
(432) Serganov, A.; Keiper, S.; Malinina, L.; Tereshko, V.; Skripkin, E.;

Hobartner, C.; Polonskaia, A.; Phan, A. T.; Wombacher, R.; Micura,
R.; Dauter, Z.; Ja¨schke, A.; Patel, D. J.Nat. Struct. Mol. Biol.2005,
12, 218.

(433) Seelig, B.; Ja¨schke, A.Chem. Biol.1999, 6, 167.
(434) Seelig, B.; Keiper, S.; Stuhlmann, F.; Ja¨schke, A.Angew. Chem.,

Int. Ed. 2000, 39, 4576.
(435) Stuhlmann, F.; Ja¨schke, A.J. Am. Chem. Soc.2002, 124, 3238.
(436) Helm, M.; Petermeier, M.; Ge, B.; Fiammengo, R.; Ja¨schke, A.J.

Am. Chem. Soc.2005, 127, 10492.
(437) Amontov, S.; Ja¨schke, A.Nucleic Acids Res.2006, 34, 5032.
(438) Borsuk, P.; Dzikowska, A.; Empel, J.; Grzelak, A.; Grzeskowiak,

R.; Weglenski, P.Acta Biochim. Pol.1999, 46, 391.
(439) Richter-Dahlfors, A. A.; Andersson, D. I.Mol. Microbiol. 1992, 6,

743.
(440) Richter-Dahlfors, A. A.; Ravnum, S.; Andersson, D. I.Mol. Microbiol.

1994, 13, 541.
(441) Lundrigan, M. D.; Koster, W.; Kadner, R. J.Proc. Natl. Acad. Sci.

U.S.A.1991, 88, 1479.
(442) Miranda-Rios, J.; Morera, C.; Taboada, H.; Davalos, A.; Encarnacion,

S.; Mora, J.; Soberon, M.J. Bacteriol.1997, 179, 6887.
(443) Gelfand, M. S.; Mironov, A. A.; Jomantas, J.; Kozlov, Y. I.; Perumov,

D. A. Trends Genet.1999, 15, 439.
(444) Grundy, F. J.; Henkin, T. M.Mol. Microbiol. 1998, 30, 737.
(445) Grundy, F. J.; Henkin, T. M.Front. Biosci.2003, 8, d20.
(446) Miranda-Rios, J.; Navarro, M.; Soberon, M.Proc. Natl. Acad. Sci.

U.S.A.2001, 98, 9736.
(447) Mironov, V. N.; Kraev, A. S.; Chikindas, M. L.; Chernov, B. K.;

Stepanov, A. I.; Skryabin, K. G.Mol. Gen. Genet.1994, 242, 201.
(448) Kil, Y. V.; Mironov, V. N.; Gorishin, I.; Kreneva, R. A.; Perumov,

D. A. Mol. Gen. Genet.1992, 233, 483.
(449) Kreneva, R. A.; Perumov, D. A.Mol. Gen. Genet.1990, 222, 467.
(450) Vitreschak, A. G.; Rodionov, D. A.; Mironov, A. A.; Gelfand, M.

S. Nucleic Acids Res.2002, 30, 3141.
(451) Ravnum, S.; Andersson, D. I.Mol. Microbiol. 1997, 23, 35.
(452) Nou, X.; Kadner, R. J.J. Bacteriol.1998, 180, 6719.
(453) Stormo, G. D.; Ji, Y.Proc. Natl. Acad. Sci. U.S.A.2001, 98, 9465.
(454) Nou, X.; Kadner, R. J.Proc. Natl. Acad. Sci. U.S.A.2000, 97, 7190.
(455) Ravnum, S.; Andersson, D. I.Mol. Microbiol. 2001, 39, 1585.
(456) Nahvi, A.; Sudarsan, N.; Ebert, M. S.; Zou, X.; Brown, K. L.; Breaker,

R. R. Chem. Biol.2002, 9, 1043.
(457) Franklund, C. V.; Kadner, R. J.J. Bacteriol.1997, 179, 4039.
(458) Winkler, W.; Nahvi, A.; Breaker, R. R.Nature2002, 419, 952.
(459) Rodionov, D. A.; Vitreschak, A. G.; Mironov, A. A.; Gelfand, M.

S. J. Biol. Chem.2002, 277, 48949.
(460) Winkler, W. C.; Cohen-Chalamish, S.; Breaker, R. R.Proc. Natl.

Acad. Sci. U.S.A.2002, 99, 15908.

(461) Sudarsan, N.; Wickiser, J. K.; Nakamura, S.; Ebert, M. S.; Breaker,
R. R. Genes DeV. 2003, 17, 2688.

(462) Mironov, A. S.; Gusarov, I.; Rafikov, R.; Lopez, L. E.; Shatalin, K.;
Kreneva, R. A.; Perumov, D. A.; Nudler, E.Cell 2002, 111, 747.

(463) McDaniel, B. A.; Grundy, F. J.; Artsimovitch, I.; Henkin, T. M.Proc.
Natl. Acad. Sci. U.S.A.2003, 100, 3083.

(464) Mandal, M.; Breaker, R. R.Nat. Struct. Mol. Biol.2004, 11, 29.
(465) Mandal, M.; Lee, M.; Barrick, J. E.; Weinberg, Z.; Emilsson, G.

M.; Ruzzo, W. L.; Breaker, R. R.Science2004, 306, 275.
(466) Mandal, M.; Boese, B.; Barrick, J. E.; Winkler, W. C.; Breaker, R.

R. Cell 2003, 113, 577.
(467) Epshtein, V.; Mironov, A. S.; Nudler, E.Proc. Natl. Acad. Sci. U.S.A.

2003, 100, 5052.
(468) Winkler, W. C.; Breaker, R. R.ChemBioChem2003, 4, 1024.
(469) Batey, R. T.; Gilbert, S. D.; Montange, R. K.Nature2004, 432, 411.
(470) Serganov, A.; Yuan, Y. R.; Pikovskaya, O.; Polonskaia, A.; Malinina,

L.; Phan, A. T.; Hobartner, C.; Micura, R.; Breaker, R. R.; Patel, D.
J. Chem. Biol.2004, 11, 1729.

(471) Noeske, J.; Richter, C.; Grundl, M. A.; Nasiri, H. R.; Schwalbe, H.;
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