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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 therdpy/This class of functional
nucleic acids can fold into complex three-dimensional
shapes;’ forming binding pockets and clefts for the specific
recognition and tight binding of any given molecular
target®~10 from metal ions and small chemicals to large
proteins and higher order protein complexes, whole cells,
viruses, or parasites.

Aptamers can be isolatéd vitro from vast combinatorial
libraries that comprise trillions of different sequences, by a
process calledit\ vitro selection”, or “SELEX”, an acronym
for “systematic evolution of ligands by exponential enrich-
ment”. Anin 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 synthesiZéhe
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 thendl. 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.iByitro
transcription, a corresponding library of RNA molecules can
be generated which can then be used foiirthétro 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 acitfs* 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
ssDNAZ 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 transcribadizo from suitable
templates, whereas DNA aptamers have to be introduced
externally® By using combinatorial nucleic acid synthesis,
remarkably complex libraries comprising up to'4@ifferent
RNA, ssDNA, modified RNA, or modified ssDNA sequences - 2
can be produced at once. This number exceeds the diversityGiinter Mayer was born in 1972. He studied chemistry and graduated

of antibodies raised by the immune system by several ordersfrom the University of Munich, Germany. After completion of his Ph.D.
of magnitude. thesis at the University of Bonn, he worked as group leader at NascaCell

= his h di . he chall . | . GmbH, Germany, were he headed the department for Combinatorial
rom this huge diversity, the challenge Is to select active gjoechnologies. In 2003 he cofounded NascaCell IP GmbH, Germany, a
molecules from oligonucleotide libraries of such complexity. company that focuses on the fee-for-service-based marketing of the

The high pool complexity ensures the presence of oligo- aptamer technology. In 2004 he returned to academia, and currently he
nucleotide-structures that are complementary to virtually any holds an Assistant Professor position at the University of Bonn. Dr. Mayer's
shape. Thus, if the pool is incubated with the immobilized research interests include the exogeneous regulation of aptamer activity
ligand, binding sequences will tightly attach to it, so that with light and the application of in vitro selection for the characterization
nonbir,1 ding ones can easily be removed Recently, capillary of biomolecules with respect to function, conformation, and identity.
electrophoresis, among other techniques, has emerged as a

convenient and powerful tool to separate bound from jn a modular manner with additional functid&<® and
unbound sequencé&?? The bound material can subse- therefore can be specifically tailored for many potential
quently be collected, amplified, and used to perform the next gpplications in biotechnology, molecular medicine, and
selection cycle. Depending on the nature of the ligand, this molecular biology. Moreover, with affinities in the nanomolar
procedure has to be repeated until the desired ligand-specifiqg picomolar range, aptamers can bind their target molecules
aptamers have been enriched. Particular aptamers can theith specificity similar to that of the antigen binding
be obtained from the enriched library by cloning and their fragment of monoclonal antibodies. As RNA molecules,
sequence can be elucidated by standard sequencing protocolﬁptamers can be simply synthesized by the cell's own
Besides the possibility to perform the selection itself with transcription machinerst Due to their high affinities, they
modified nucleic acid sequeneewhich depends on whether  represent excellent candidates for highly specific inhibitors
the replicating enzymes accept the modified templates andof signal transduction, cell growth, transcription, or viral
monomer substratesndividual aptamers can also be equipped replication. While nucleic acids in cells and in the blood




Functional Aptamers and Aptazymes Chemical Reviews, 2007, Vol. 107, No. 9 3717

degrade rapidly, chemically modified aptamers or aptamers AU

expressed in a certain structural context show dramatically

increased stability profiles and are often resistant to nuclease G

digestion. With the development of appropriate gene transfer ucC

systems, the use of intracellular aptamers, or intrariféfrs,

can also be considered in gene therapy procedures to combe 5 3

infectious diseases and in cancer therapy. An advantage of

the nucleic acid-based system would be its greater safety.B

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. RNA
Since the first examples of the use of combinatorial nucleic

acid libraries for thein vitro selection of specific ligand

binding RNAs in 199¢82° considerable progress has been

achieved in this field. Nucleic acid aptamers for more than

a hundred different targets have been descriBastiowing

that aptamers can now routinely be obtained for almost every

desired target® Aptamer technology is currently in a state s’

in which it demonstrates its potential as a tool for widespread © template

applications in aspects of biotechnology, biomedical research, active bridge helix
molecular medicine, diagnostics, and imaging. site

In this review, we provide a comprehensive update of some
novel and promising developmentsiofuitro selection and
aptamer, intramer, and allosteric ribozyme technology. A upstream
description of recently discovered natural aptamers, or C
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 Pol Il
the associated inhibitory mechanism. Among them are the
crystal structures of the complexes between humdmom-
bin and its 15-mer DNA aptamer quadrupfxhe structure
of human immunodeficiency virus type | reverse transcriptase
complexed with its RNA pseudoknot aptanfiéthe NFcB Figure 1. Inhibition mechanism of the anti-Pol Il aptamer FC* as
ps0 SUbur."t and its high affinity aptam®&rand the structure pr%posed by Kettenberger et®l(A) Secondary strFL)Jcture of the
of the anti-RNA polymerase Il aptamer FC complexed 0 Ecx aptamer, a truncated version of the FC aptathénat binds
RNA polymerase Il from yea®t (Figure 1). The latter ~ RNA polymerase Il from yeast (Pol Il) with high affinity. The color
structure, for example, is of relevance for the understanding code is the same as in parts B and C. (B) Nucleic acids in the Pol
of gene regulation by natural noncoding RNA molecules Il elongation complex share an overlapping but not identical binding
(ncRNAs) that bind and inhibit cellular RNA polymerasés. (S)Irtf'thTe hit':uocln'};g%’; lt?h’\éAc%?nmﬁ)cle?g ﬁgﬁcrrgoﬁaztfgﬁegg”%pﬁﬁgd
Among these is the B? RNA from mo_us_e, a 178-m§r NCRNA Phosphate groups at the sameqocation are Iabelgd. The view through
that binds Pol Il and inhibits transcription of certain genes s figure is from the side. (C) Inhibition of open complex
during heat-shocke*” Because FC and B2 RNAs bind  formation. The upstream region of the DNA promoter in the closed
overlapping sites in the Pol Il cleft that is also part of the and open complex was modeled on the bacterial RNA polymerase
binding site for nucleic acids in an elongation complex, the promoter comple® and was extrapolated in the downstream
structure suggested that both the aptamer inhibitor and B2direction. The downstream region of promoter DNA and the
might prevent DNA entry into the polymerase cleft during template strand in the bubble region of the open complex were
- - . modeled according to the complete Pol Il elongation com@fiex.
initiation. Thus, the template_ is prevented fro_m reaching the £« RNA is shown as a molecular surface.
active center and transcription cannot stafffigure 1).

Thus, aptamers represent an interesting class of inhibitory
compounds that are readily accessible and can be used fotion have been established that allow highly parallel aptamer
assessing the function of defined protein targets. In fact, selections to be performed on several targets at once within
owing to the increasing demand for protein inhibitors in the a few days'4> The ease by which aptamers can be
postgenome era, selection routines compatible with automa-engineered and chemically modified predisposes them as

actiytreo FC* N ' template
site
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Figure 3. Principle of the proximity ligation assay. Two aptamer-
Figure 2. Aptamer-based ELISA technolo§§A primary capture ~ based affinity probes (black) recognize different epitopes of the
antibody is immobilized to the plate. After blocking, serum target protein. The affinity probes are linked to sequences (blue)
containing the analyte is added. Captured analyte protein can bewhich are complementary to the connector oligonucleotide (red).
detected by using analyte-specific aptamers. For detection, theAfter addition of an excess of the connector, ligation of the affinity
aptamer can be labeled by a fluorophore. In addition, secondafyprobes is facilitated due to increased local concentration of both

enzyme-linked antibodies that recognize the fluorophore have beenProbes. The ligated product is subsequently amplified and detected
used successfully for signal amplification. by PCR, allowing the quantification of minute amounts of target

protein.

L-selectin, tenascin-c, and thyroid transcription factor 1
(TTF1) in identical assays, allowing the specific and sensitive
detection of their cognate targéfsS’ Landegren and co-
workers used an ingenious approach to considerably enhance
‘the detection limits of enzyme-linked aptamer-based diag-
ostic system&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
roximity. Subsequently, the freé-Zand 3-ends of the two
ptamers 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
There are several diagnostic applications and assay formatgFigure 3). The authors demonstrated that as few as 400
in which aptamers have proven their value as diagnostic attomoles of the target protein can be detected by this assay,
tools. These comprise western blot analyses, immunopre-thereby making it 1000-fold more sensitive than a conven-
cipitation (oligonucleotide-precipitation) assays, flow-cy- tional ELISAS8 Recently, the technology has been further
tometry, and use as affinity reagents coupled to solid matricesimproved with respect to sensitivity and specificity by using
allowing the purification of proteins from crude samples. For three recognition events in the so-called triple binder
such applications, aptamers have been successfully proverproximity ligation assa§ (3PLA). The general concept of
and revealed properties equal or sometimes even superioproximity ligation has also been extended to antibody-
to those of antibodies. Drolet et al. described the use of mediated recognition events.
an aptamer in an enzyme-linked immunosorbent assay The compatibility of aptamers with whole cell staining
(ELISA)-like format (Figure 2) by employing an aptamer methods has been shown in several publications. For these
that binds to the vascular endothelial growth factor (VEGF) studies, aptamers targeting different cell surface proteins were
protein® used as a fluorescent labeled variant to detect and visualize
By this means, they made use of the easy chemicaltheir target on distinct cell&7° In a study presented by
modifiability of aptamers. With a’'Sbiotinylated variant of Davis et al., CD4 interacting aptamers were labeled either
the aptamer, the authors demonstrated that visualization ofwith fluorescein or phycoerythrin and applied to selectively
target bound aptamers in microtiterplates can be achievedstain CD4 expressing cells in flow cytometi&In a very
by horse radish peroxidase coupled streptavidin (HRP-SA) similar approach, Ringquist and Parma used an L-selectin
and enhanced chemiluminescence-based (ECL) detectiorbinding fluorescein-labeled aptamer to visualize CD62L-
systems, similar to common antibody applied chemistry. positive leukocytes by FACS analygtsBoth studies dem-
They confirmed that the aptamer provides comparable resultsonstrated that aptamers are able to interact with the target
to the antibody-based assay. This proved the aptamer as amolecule on cell surfaces and can be specifically used to
effective tool for molecular diagnostic applications enabling detect the target expressing cells in flow-cytometry ap-
the measurement of the concentration of its target protein in proaches. Building on previous results, Blank et al. used flow
biological samples. Other publications followed and suc- cytometry to monitor the progression of Brwitro selection
cessfully reported the use of different aptamers binding to experimenf® Aiming at the identification of new tumor

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
the present time that is supplied with commercially available
diagnostic kits or diagnostic reagents. A plethora of aptamers
directed against diagnostically relevant protéin® (for
reviews, see refs 14 and 663) bear the potential to be
applicable in diagnostic assays. In recent years, various
aptamer-based diagnostic assay formats have been develope
some of which will be highlighted in the following chapters.

2.1.1. Aptamers in Standard Diagnostic Assays
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4 Y defined epitopes that are even accessible in the denatured
G G state of the protein (as antibodies do) or the proteins are able

o to refold at least to some extent into their native structures
G after blotting. In the latter case, western blot analysis with
5 aptamers will be limited to a small number of proteins

g capable of refolding after denaturing SDS-PAGE. More data

R (RS 2AEC R is needed in order to provide a more comprehensive picture
Figure 4. Secondary structure and modification of the 39-mer about the applicability of aptamers in western blot analysis.

tenascin aptamer. All pyrimidine residues (gray) containetifg, 2

2'-deoxy modification. Purines contain-@CHs; modifications, 2.1.2. Aptamers as Capture Ligands

except the four obligatory’ ZOH guanosines and the-& (arrows). ) ] o ) ) o

The 5-G also contains a'8\Hs group as an anchor to introduce Due to their properties of binding with high affinity and
modifications for®®™Tc-labeling. In addition, this aptamer bears a specificity to a target molecule, aptamers are well suited for
3-3'-cap for exonuclease protection. The G6-C13 helix was closed the preparation of affinity columns for protein purification
Dy @ non-nucieotide hexaethylene glycol spacer without affinity. as well as capture ligands on surfaces for biosensor applica-

: tions.

markers with a potential application in the diagnosis of AN example thatintroduced the applicability of aptamers

glioblastoma brain tumors, the authors developed a SELEX I affinity chromatography was reported by Romig efal.
procedure using living cells as targets for SELEX. FACS [N this study, the authors used an anti-L-selectin DNA
analysis was applied to monitor the selection of ssDNA a@ptamer and attached it to a solid support, thus creating an
aptamers binding to the SV40 transformed endothelial cell affinity matrix specific for L-selectin. They applied this
line. They demonstrated that the identified aptamers are matrix for the purification of L-selectin from Chinese hamster
specific for cryostatic sections of experimentally induced ©Va&y ceéll-conditioned medium and demonstrated that the
glioblastoma tumor vessels while no interaction with normal @Ptamer capture is sufficient to purify the protein to near
endothelial cells was observ&din a further study, the homoggneny._Further approaches addressmg the.purmcauon
authors used the aptamer as a tool to allow the identification Of Proteins using specific aptamers include proteins such as
of the native protein target on the cell surface. Coupled to | 11, tenascin-c, and pigpen. A slightly different application
magnetic beads, the aptamer was employed as an affinityutilizes aptamers as solid supports ‘gt‘””g HPLC and the
reagent for the capturing of the previous unknown protein S€lective purification of enantiomet$™ Peyrin and co-
from cellular fractions. Followed by SDS-PAGE and mass WOrkers used aptamers and constructed chiral stationary
spectrometry analysis, the target protein pigpen was identifiedPhases (CSP) for the separation of enantiomers of peptides
as the cognate target of the aptamer. A similar approach wagdd small molecules, such agyrosineamidé”® The given

recently followed by Gold and co-workers, where tenascin-c €x@mples and other applications of aptamers, such as
was identified to be the native target after cell-based SELEX Stationary phases for capillary electrophoréitistrate that
experiments’ aptamers are flexible tools suitable for various applications

An impressive example using aptamersiforivo imaging that require sophisticated ligands.
was provided by Charlton et &.They employed &°Tc- ~ Aprominent application of'aptamers is their use as capture
labeled ssDNA aptamer directed against human neutrophilligands on the surface of biosensors or on microarrays. In
elastase (hNE) for diseased tissue imaging in a rat model.an initial study, Ellington and co-workers demonstrated the
hNE is a serine protease that plays a crucial role in gene.ral feasibility of aptamers for biosensor applicatidns.
inflammatory diseases such as septic shock or acute respiraln this study, the thrombin/aptamer system was used by
tory distress syndrome (ARDS). In the study, the aptamer covalently immobilizing afluorescence-labe_led antl-thrombm_
exhibited an improved signal-to-noise ratio compared to an @ptamer on a glass support and measuring the changes in
anti-elastase IgG antibody frequently used in the clinic for the evanescent-wave-induced fluorescence anisotropy of the
in zivo imaging of inflammatory sites. A%Tc-labeled immobilized aptamer upon interaction with thrombin. A
aptamer that binds tenascin (Figure 4), an extracellular matrix Similar approach was recently reported by the Archemix
protein which is often used as a tumor marker, was recently Corporatior* They used different fluorescently labeled RNA
shown to be taken up by a variety of solid tumors including aptamers and showed speC|f|c.detect|0n in a muliplex format
breast, glioblastoma, lung, and col&rThis result suggests ~ Of the corresponding targets in human serum and cellular
possible clinical applications of labeled aptamers in imaging €Xtracts.
and therapeutics. The thrombin aptamer system was also used by Lee et al.

The use of aptamers for western blot analysis was shownto assemble a fiber-optic microarray bioser¥dhe thrombin-
in two recent studie®:% Here, biotinylated variants of  binding aptamers were bound to silica beads and loaded on
aptamers targeting either L-selectin or TTF1 were used andthe distal tip of an imaging fiber. After incubation with
allowed to interact with their cognate targets after SDS- fluorescently labeled thrombin, the interaction could be
PAGE and western blotting followed by incubation with Visualized by interconnection of the imaging fiber with a
horseradish peroxidase-tagged streptavidin. The studiesnodified epifluorescence microscope systém.
underline the feasibility of aptamers for the sensitive and  In a different study, Liss et al. constructed a quartz crystal-
specific detection of their target molecules even in crude cell based biosensor that can be used to detect low levels of IgE
lysates3®66.79 Due to the denaturing conditions applied by in body fluids, in real timé&® In comparison to antibody-
SDS-PAGE, it is still unclear how the aptamers interact with mediated sensing, it turned out that the aptamer-based
their target molecules blotted to the transfer membranes.detection is more robust and stable with respect to regenera-
Aptamers are thought to interact with defined three- tion protocols. Since aptamers are relatively smatZ5
dimensional structures rather than short peptide epitopeskDa) when compared to antibodies150 kDa), they can
However, it remains elusive whether the aptamers recognizebe coupled on surfaces with higher densities, resulting in a
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target protein 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.
L LR ) du In an initial attempt, Ellington a_nd co—workers incorporated
a fluorescent label into a RNA library and isolated aptamers
that reveal a change in fluorescent signaling upon ATP
5 3
5'- 3

binding1°® Another approach was pursued by Yamamoto and
Kumar. They used a bimolecular system consisting of a
Cross-linked fluorescent donor molecule and a quencher molecule attached
aptamer-protein complex to the 3- and 3-ends, respectively, of the RNA aptamer.
Figure 5. Aptamers containing 5-bromodeoxyuridin groups (BrdU) ~ This system allows the visualization of Tat protein binding
can be covalently cross-linked with their target proteins by to the RNA, since complex formation causes the structural
irradiation with UV light (308 nm). rearrangement of the RNA aptamer and hence an increase
in fluorescent signaling*1%> A similar approach was
high dynamic detection range. A recent report underlined established by the Stojanovic laboratory. They constructed
the repetitive use of aptamer biosensor arrays employingan aptamer-based sensor for cocaine by exploiting the
aptamer targeting lysozyme, ricin, and the HIV-1 rev detailed understanding of a DNA aptamer that was previously
protein®” Ellington and co-workers constructed a chip-based shown to be stabilized through ligand binding. Using the
microsphere array that has been previously shown to bedonor and acceptor fluorophore system, they constructed an
capable of detecting nucleic acitfsDespite the repetitive  efficient cocaine-specific sensor, in which fluorescence
denaturation of the sensor surface with urea containing intensity decreases through cocaine bindfiig.
EDTA, the signal intensities of anti-ricin aptamer beads were  |n a recent publication, a more general concept for
still stable and comparabfé Schlensog et al. constructed a  detection of target molecules was introduced. The authors
biosensor system based on the surface acoustic-wave used a previously selected aptamer for the triphenylmethane
waves? Using the thrombin/aptamer and the HIV-1 rev/ dye malachite green (MGY41%Further studies showed that
aptamer as model systems, they demonstrated that themalachite green changes its conformation if bound to
detection limit of the love-wave sensor is 75 pgfciius RNA,106.107 together with the finding that fluorescence
being 40-fold more sensitive than the quartz crystal sensoremission of the dye is enhanced greater than 2500-fold if
described abov®.In a further study, the thrombin aptamer- complexed by the aptamé& In their study, Stojanovic and
based SAW sensor was used to monitor and to investigateKolpashchikov connected already known aptamer sequences
the mechanisms of ternary complex assembly by heparin,for small molecules such as ATP, FMN, and theophylline
antithrombin 1ll, and thrombif® A similar SAW-based  to the malachite green aptani€?.The connection of both
sensor was also shown to be capable of discriminating singledomains was carried out by using so-called communication
mutations in cancer gene fragmefits. modules, as already known from the generation of ribozymes

An attractive alternative approach was demonstrated by fegulated by ligands, designated as aptazymes (see section
Gold and co-workers at Somalogic (Boulder, Colorado). 4-1). These short segments are fused between the two
These researchers developed and improved aptamer-base@Ptamer sequences to communicate a binding event from one
microarray technologies by introducing so-called photo- domain to the other (Figure 6). Specifically, binding of the
aptamers§? These aptamers comprise photoreactive 5-bro- target molecule induces formation of a stem that, in turn,
modeoxyuridine (BrdU) functional groups, and after binding, stabilizes folding of the malachite green aptamer. Hence,
these aptamers can be covalently cross-linked to their cognatdluorescence from aptamer-bound MG is only observed in
target molecule by UV irradiati&% (Figure 5). Thereby, the presence of the target molecule. The advantage of the
harsh washing conditions can be employed to remove _app_rqach relies on the possibility to applyt_hese sensors easily
background and nonspecifically bound proteins from the in living cells, for example by expression of the RNA
array surface. As a consequence, the results obtained withfONStructs. Although the general applicabilityizo remains
the photoaptamer arrays reveal superior signal-to-noise ratiod® P& proved, this design should enable the detection of a
and low limits of quantification; hence, even low-abundant Proad range of target molecules. The same MG-binding

proteins can be visualized by common protein staining aPtamer was applied (l)Jy Liu and colleagues to create an
methods. artificial genetic switch'° by combining the malachite green

. .. (MG) aptamef®>!1 with an RNA-based transcriptional
Recently, Petach and co-workers described the applicationy c(iyation domairt!2 The RNA domain for transcriptional

of a multiplexed photoaptamer arr&yIn this study, the  ,¢tiyation showed a 10-fold increased activity in the presence
authors examined 17 photoaptamers printed on an arrayys the cell-permeable dye.

surface. They demonstrated that the array of photoaptamers

gllows the simultaneous measurement of multiple proteins 2.2. Aptamers as Therapeutics
in serum samples. Interestingly, the study revealed that the
detection limit of an analyte protein correlates with the It is also feasible to use aptamers directly as drugs. The
dissociation constant of the photoaptartfeithis report therapeutic application of aptamers was discussed in several
represents the first comprehensive study on aptamer-basegrevious reviews}4115122and the past years have seen many
microarrays and underlines, together with more recent potential applications of aptamers as therapeutic agents in
studies’®°6-% the feasibility of aptamers for such applica- model system3>67.124127 Except for the anti-VEGF aptamer-
tions. However, a disadvantage of the cross-linking approachbased drug Pegaptanib sodium or Macugehich has

is that an array can only be used once. completed clinical phase Il tria#®¥ and was approved in

photoaptamer
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Figure 6. A modular aptameric sensor, composed of the malachite green and flavin mononucleotide (FMN) binding aptamers. (A)
Secondar¥t! (left) and tertiary®* (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) Se€éifiedtlyand tertiary (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, sugarphosphate backbone; gray, stem and U-U-C-G hairpin bases; blue, internal loop bases except forlihg-&aD

base triple (purple). (C) The coupled fluorescent probes for the detection of an aptamer-boun@ligamsist 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.

2004 by the FDA?*—no aptamer-based drug has appeared and colleague¥'? The ribose bears different modifications
on the market since the discovery of aptamers in 1990. at the 2-position: The pyrimidines now carry a fluorine
However, during the past few years, considerable progressmoiety, and the purines susceptible for derivatization with
was made regarding the pharmacology and toxicology of an O-methyl group were identified by a so-called post-
aptamers3°Besides the artificiain vitro selected aptamers, SELEX approach. Except for two unmodified adenosine
RNA and DNA decoy molecules that mimic a transcription pases, all purine’zhydroxy groups are substituted with- 2
factor binding site are used as promising therapeutic O-methyl groups. Furthermore, the@-methyl substitution
molecules®*~134 . . ~ increased the affinity of the aptamer for VEGF by 17-fold.
One of the most prominent therapeutic aptamers is The stability of the aptamer is further enhanced by adding a
Macugen or Pegaptanib, an aptamer directed against Vascu'%eoxythymidine to the '&erminus via a 33 linkage.
endothelial growth factor (VEGF}® Retinal function re- Advantageously, PEGylation of the aptamer reduces its

quires a strict control of fluid and electrolytes within cells dosing frequency by extending the half-life of the aptamer
and the extracellular space. The organization of this control body fluids#4 increases its solubility, and reduces

is maintained by the blooegdretinal barrier, which is analo- i :

gous to the bloogbrain barrier. The VEGF is a soluble immunogenicity (Figure 7). i

factor, released from ischemic retina, and causes blood  Macugen represents the first aptamer-based drug for the
retina barrier breakdown and neovascularization (NV). The réatment of exudative age-related macular degeneration
level of VEGF is up-regulated in patients with age-related (AMD), and the aptamer succesfully passed through pre-
macular degeneration (AMD) and diabetic retinopathy. The Cclinical and clinical .stud|e§5’14.5ln the meantime, conditions
inhibition of VEGF would likely inhibit the development of ~ that allow for the direct selection of-©-methyl transcripts,
macular edema, and retinal and choroidal NV, leading to @S opposed to the laborious post-SELEX approach, have been
loss of vision in patients with AMD or diabetic retinopathy. developed. Burmeister et al. selected a fullyQ2methyl-
Several approaches to inhibit VEGF were used in the pastmodified aptamer from a library of & 10" unique 2-O-

few years, including small moleculé® peptides®” antibod- ~ methyl transcripts for a 23 nucleotide long sequence,
ies, and engineered ligantf8-1“°VEGF was one of the first ~ ARC245, that binds VEGF with &q of 2 nM and inhibits
targets for the development of aptamer-based therdgfés43 VEGF function in cell culture assay® With the same

A modified version of the anti-VEGF aptamer is a nuclease- approach, aptamers to multiple target proteins, including
resistant, PEGylated, short-B- and 2-methoxy-modified interleukin (IL)-23 and thrombin, have been successfully
RNA oligonucleotide that was previously identified by Janjic isolated'#
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}/ Figure 8. An anti-thrombin aptamer that can be inactivated by
HN\HJ\ 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
Figure 7. Secondary structure and modifications of the anti-VEGF caged cytidin nucleobase that contains a photolabile protecting
aptamer pegaptanib (Macugen). Bold gray nucleotides representyroup (NPE: o-nitrophenylethyl), representing a temporary mis-
2'-deoxy-2-fluoro nucleotides whereas bold black nucleotides are match. (B) Upon irradiation by UV-light, the photolabile protecting
2"O'methy| chleotldes_. The two aden_O_Slne I’eSId_ueS ShOWI’l n |ta||c group is removed and annealing of the Complementary Sequences
black are ribonucleotides. The'-Bosition contains a 40 kDa  gccurs, thus rendering the aptamer inactive.
polyethylene glycol (PEG)-linker, whereis approximately 450.

Atthe 3-end, a 33-dT (Cap) structure was added. arin (HIT, heparin-induced thrombocytopenia). The authors

Another aptamer that may be useful in hematology is a demonstrated that the aptamer Peg-9.3t significantly prolongs
15-nucleotide, G-quadruplex-forming DNA aptamer that the plasma clotting time. Being a nucleic acid and based on
efficiently blocks the proteolytic activity of thrombin, a serine the sequence information of the aptamer, generation of an
protease involved in thrombosis and hemeost&sf§.The antidote of the aptamer activity was achieved by applying a
anti-thrombin aptamer was one of the first aptamers testedcomplementary oligonucleotide to the aptamer sequence
in animal studies in the early 1998813 For example, Li (antidote 5-2). The aptamer anticoagulation activity was
et al. demonstrated that the aptamer leads to rapid antico-efficiently and quickly reversed by the antidote 5-2 when
agulation and thus represents an excellent alternative toassayed in patient samples under clinical conditions. This
replace heparin in a canine cardiopulmonary bypass meldel. study provided an alternative approach for aptamers in drug
Recent studies involved the analysis of the aptamer and itsdevelopment and the application of aptamantidote pairs
properties as a thrombus-imaging reagént. whenever regulation of inhibitory activity is needed. The

Recently, we developed light sensitive variants of the anti- simplicity by which antidotes against therapeutic aptamers
thrombin aptamet®® These aptamers bear a photolabile can be designed adds significant value to aptamer-based
protecting group, or “cage”, at distinct positions that can be drugs and distinguishes aptamers from other drugs currently
efficiently removed by UV-A light at 366 nm. In this way, used in clinical practice. This is further illustrated by a
we constructed light activatable as well as light deactivatable follow-up study, in which the anti-FIXa-aptameantidote
caged anti-thrombin aptamé®:15 The latter molecule pair was shown to work reliably also in two clinically
represents the first anticoagulant with a light sensitive relevant animal models: a porcine anticoagulation model and
antidote activity (Figure 8). Caged aptamers might enable @ murine thrombosis mod&? Problems associated with
an excellent way to exogenously regulate aptamer activity moving fromin vitro studies to applicationis vivo include
in a spatio-temporal manner and thus gain spatio-temporalrapid clearance from circulating blood and blood nucleases,
control of protein function. We also used derivatives of which would rapidly hydrolyze both aptamer and antidote
porphyrins that are known to interfere with G-quadruplex before they even reached their target in the bloodstream. The
formation. We demonstrated that these molecules revert thestrategy to increase the plasma residence time was to attach
anticoagulatory activity of the anti-thrombin aptamer in a a cholesterol grouf* to the aptamer (Figure 9).

concentration-dependent manfer. Indeed, the cholesterol-modified aptamer showed a clearly
In a different study, Sullenger and colleagues have extended blood residence time as compared to the nonderiva-
described the identification of-Auoro-2-deoxypyrimidine- tized version and also increased the clotting time in pigs.

modified RNA aptamersa known approach to attain nu- The antidote neutralized this effect within a short time
clease-resistance of RN&s-that interact with the coagu-  window. Rusconi et al. subsequently applied a murine arterial
lation factor IXa and antagonize its blood clotting activit§:>° injury model and found that the aptamer also prevented
The aptamer binds factor IXa withkg of 3 nM and exhibits occlusive thrombus formation compared to control mice that
high specificity compared to other coagulation factors. The were treated with a nonfunctional aptamer mutant. Further-
truncated version of the anti-factor IXa aptamer (9.3t) was more, the aptamerantidote pair controlled bleeding, in-
PEGylated and successfully established as an inhibitor of duced by surgical trauma in mice that had been treated with
blood clotting in standard blood clotting assays and in plasmahigh doses of the aptamer. When the antidote was admin-
samples from patients who have developed an immunologicalistered immediately after injury induction, blood loss was
response to the commonly used anti-blood clotting drug hep- significantly reduced and the procoagulant activity of FIX
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Figure 9. Mechanism of the aptameantidote pair. The aptamer is stabilized by 'aé33linked deoxythymidine at the'Znd and by
2'-fluoro-2-deoxy modifications at every pyrimidine residue. It carries a cholesterol modification at-#re30 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 (Vllla), 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.

o S(#Thiol) modifications “post-SELEX?231%for example, by substitut-
. ing phosphorthioate’s? locked nucleic acid§1% (LNA),
Il or multivalent circular aptamef84-196

Bugaut et al. recently reported an elegant way to enhance
the chemical diversity of RNA librarie¥? 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 andn 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 thie vitro selection procedure.

S’ (Phosphorthioate)
-H (DNA)
-F (2'-Fluoro-2'-deoxy)
-OCH, (2'-Methoxy)
-NH, (2"-Amino-2'-deoxy)

Figure 10. Summary of chemical modifications introduced into
aptamers. In LNA, the'20 and the 4C are bridged by a methylene

group (gray).

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 2hydroxyl group of the sugar

A different approach for aptamer stabilization was intro-
duced by Fuste and co-worker¥® and independently by
Bartel and colleague’§? Here, the metabolic stability of
aptamers was increased by employing nucleic acids consist-
ing of L-nucleotides. The correspondineaptamers, desig-

ribose is straightforward and sufficient to enhance the nated as Spiegelmers, have been shown to almost resist
stability of a RNA moleculén vivo and in living organisms.  degradation by nucleas&8In this way, PEGylated Spiegelm-
Other potential sites for chemical modification that may be ers that specifically antagonize gonadotropin-releasing hor-
beneficial for the properties of therapeutic aptamers are themone (GnRH) exhibited plasma half-lives of up to 14 h in
purine and pyrimidine residué® 17> sugars;’6-18 and rats and thus are superior to the use'ef yrimidine RNA-
phosphate residué&, which all have been shown to be aptamerg® Wiotzka et al.’s investigation of the preclinical
compatible with template-directed enzymatic incorporation ADME parameters of the anti-GnRH Spiegelmers in rats
into DNA and with all necessary steps required for a produced encouraging results. The biological efficacy of the
completein vitro selection cyclé’>82In general, modified anti-GnRH Spiegelmer was similar to that of the marketed
nucleotides are increasingly being utilized in all categories reference compound Cetrorelix (Cetrotide; ASTA Medica
of therapeutic oligonucleotides to increase nuclease resis-AG) albeit 1000 times higher doses of the Spiegelmer were

tance, target affinity, and specificit§® As summarized in
Figure 10, 2-amino?7-184-187 2'fluoro,!24186.188.189)'_meth-
oxy, #7190 and 4-thio'®® groups have been used directly in

SELEX experiments to increase the stability of aptamers.

administered®-21 Another promising Spiegelmer target is
ghrelin, a potent stimulant of growth hormone release, food
intake, and adiposit$??2° This Spiegelmer was recently
shown to reduce obesity in diet-induced obese rfit&>

Stabilization can also be achieved by introducing chemical A further advantage of the Spiegelmer and aptamer thera-
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peutic approaches is that almost no adverse immune re-Ku protein, thereby sensitizing the cell line to DNA damage.
sponses were detected in monkeys and rats, which thuswhen treated with the anticancer drug etoposide, a compound
indicates that nucleic acids, in the guise of aptamers, arethat inhibits DNA topoisomerase Il in a way that generates
well tolerated. double-strand DNA breaks, aptamer-expressing cells were
Besides the well documented and published results de-more susceptible to undergo apoptosis.
picted above, there are more aptamers and decoy oligonucleo- Our group focused on the elucidation of cytoplasmic
tides, sequences that mimic natural DNA binding sites of regulatory proteins that participate in the leukocyte-function-
proteins such as transcription factors, currently under clinical associated antigen-1 (LFA-1)-mediated inside-out signaling
investigationt?® Among them, the company Aptamera cascade. Specifically, we are interested in the family of
launched clinical trials of a G-quartet-containing aptamer cytohesins, which belong to the highly homologous class of
targeting nucleoli?® for the treatment of cancer. Corgentech guanine nucleotide exchange factors (GEFs). The small ADP-
started clinical trials using E2F decoy aptamers for the ribosylation factor (ARF) GEFs catalyze the GDP/GTP
treatment of cardiovascular diseases and the prevention ofexchange on ARFs. At the present time, four members of
vein bypass graft failuré’2°8Next to the decoy approaches, the cytohesin family are known: cytohesin 1, cytohesin 2
there are several companies, such as Hybridon and Dynavax(also called ARNO: ADP-ribosylation factor nucleotide-
currently dealing with immune-stimulatory sequences. These binding site opener), cytohesin 3, and cytohesin 4. They take
DNA oligonucleotides contain CpG motifs that mimic the part in integrin signaling, actin cytoskeleton remodeling, and
presence of bacterial genes and thus induce the activationvesicle transpor3*-235 All cytohesins consist of an N-
of toll-like receptor 9 (TLR-9) Thi-cells via toll-like receptor  terminal coiled coil domain, a Sec7 domain that contains
9 (TLR-9) and interferon mediated pathways. the GEF activity’*® a Pleckstrin homology (PH) domain, and
A potential advantage of aptamers over therapeutic a C-terminal polybasic domafi’?*¥The two latter domains
antibodies is that so far there appear to be no indicationsenable membrane localization via interaction with phospho-
that aptamers are immunogenic, whereas antibodies can eliciinositides. Although highly homologous, the cytohesins seem
immune responses even within short periods of treatdnt. to have different biological functior’$*#°*We have selected
A potential disadvantage, rapid clearance via kidneys and specific aptamers targeting cytohesins in order to enlighten
correspondingly short circulating time following injectiéh,  their different regulatory roles.
can be overcome by attaching cholestétbbiotin—strepta- When activated by phorbol esters or T-cell receptor
vidin,?** or polyethylene-glycol group¥>#%r by anchor-  stimulation, LFA-1 triggers adhesion of T-cells to ICAM-1,
ing an aptamer to liposomé$;*“which have been shown  which is present on endothelial cell surfaces. Cytohesin-1 is

to reduce clearance. believed to contribute to the LFA-1 activation by direct
interaction with the cytoplasmic domain of thE2-chain

3. Intramers (CD18) of the LFA-1 integrirt®” We have selected an
aptamer (M69) that binds to the Sec7 domain of cytohesin

3.1. Applications of Aptamers in Vivo 1.2% Although the aptamer is able to discriminate between

) ] ] large and small GEFs, it binds with similar affinity to

Aptamers have been used in an increasing number ofcytohesin 1 and cytohesin 2/ARNO. We next expressed M69
applications inside living cells and even whole organisms. jn the cytoplasm of Jurkat cells using a transgenic vaccinia
The promising potential of aptamers and other nucleic acid yirys 249 |ntrameric expression of M69 resulted in inhibition
tools such as ribozymes, antisense oligonucleotides, andyf | FA-1-mediated adhesion of the cells. Moreover, reor-
small interfering RNAs as therapeutic agents as well as for ganization of the cytoskeleton and cell spreading was also
elucidating the cellular functions of the target molecules is jnnipited by M69. Similar results were obtained by dominant
hampered by the fact that nucleic acid uptake into cells is negative expression of a cytohesin mutant (E157K) that
generally very inefficient. Therefore, one of the main future apolishes GEF activity. These results confirmed an important
goals remains the development of efficient delivery strate- rgle of the GEF activity of cytohesin-1 in T-cell spreading.
?Aes?liﬁromisingftecr;lniquesbare being intvets_tigated,ﬁagong We have used a'SBluorescein-labeled version of the

em the use of cell membrane penetrating pepfitfes, e
finding of efficient but safé"’ retroviral expression vectors gggg&znﬁéﬁg:feﬁggeﬁp t];\Oer zgzlrln?roﬁgglgc'ﬁig\t,)gghs,yﬁ
for small RNAs?18220 and advances such as nakéd*?as : LT .
well as liposome-mediated oligonucleotide trangférzze  vilT transcription in the presence of guanosine-monophos-
Intracellularly expressed aptamers (also called intramers)ﬁgg:ter;'g;tﬁ'd;?il\ll(;"t\i'\?g4zt¥hér§2:21eenr;;gwétgsai/nwigg;%%g'lg:n

have also been discussed in the recent literafufe”= aptamer displacement, followed by fluorescence polarization
This section reviews recent studies that employ aptamers in IE 11£ W 'd, tified {2 A-triarol dp ati
cells and even in whole organisms, taking into consideration ( lgure .)' € lgenulied a 1,z,4-nazole derivative,
the different strategies of aptamer delivery. 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.
Early examples of intracellularly expressed aptamers Mice fed SecinH3 exhibited signs of hepatic insulin resis-
included inhibition of the special elongation factor SelB in tance and increased plasma insulin, phenomena that are
Escherichia cof®* and RNA polymerase Il in yeadt.In thought to be associated with the onset of type 2 diabetes in
another study, aptamers specific for Ku protein were humans. In a parallel study, Fuss et al. found that mutations
expressed under the control of a human 7SL promoter inin steppke, the singlBrosophila melanogastdnomologue
MCF-7 breast carcinoma cefi€ The Ku proteinis involved  of cytohesin, led to phenotypes also seen with insulin
in the repair of double-strand breaks in DNA. The expressed signaling defects: reduced growth at each stage of develop-
aptamer is able to block the DNA-binding properties of the ment without impaired food uptaké® Feeding of SecinH3

3.1.1. Intracellular Expression
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Figure 11. Aptamer displacement screening assay by fluorescence > ! -
polarization identifies a small molecule with biological function. SRE - c-Fos
(A) Schematic for the fluorescence polarization assay used. TheFigure 12. Model for the role of cytohesin-2 as an effector of
fluorescence-labeled aptamer M69 exhibits low polarization in the serum-mediated transcriptional activation via the MAPK pathway.
nonbound state (top panel). When bound to the protein, in this caseThe domain specificity of the aptamers K61 and M69 suggests
the Sec7 domain of cytohesin 1, fluorescence polarization becomesparticipation of both the N-terminal and the Sec7 domains of
high (middle panel). If a small molecule (crescent-shape) displaces cytohesin-2. GH, growth factors in serum that act on MAPK-
the aptamer from the protein, fluorescence polarization is reduced activating receptors; GHR, MAPK-activating receptors; CC, coiled-
(bottom panel). (B) Chemical structure of SecinH3, the most potent coil domain; TCF, ternary complex factor; SRF, serum response
among a series of molecules identified in the aptamer displacementfactor. Modified after Theis et &k6
screen, that inhibits cytohesin proteins. Because cytohesins are
highly conserved among species from flies to humans, SecinH3 ., At ;
in%ib%s cytohesins fromgallpthese species. (C) SecinH3 induces by 'nves.tlgatmg the effects of the aptamer on the expression
growth retardation when fed @rosophila melanogasteThe same  Of @ luciferase reporter gene under the control of the SRE
effect is seen in larvae mutants, in which the Drosophila cytohesin Promoter in serum-stimulated HeLa cells. Direct transfection
Steppke was mutated. Left: WT larvae fed with (Fe®ecinH3) of K61 resulted in a concentration-dependent reduction of
or without (Fed) the Steppke-inhibitor SecinH3. Right: average luciferase expression to basal levels. The effect was aptamer-
size of Fed+ SecinH3 (1 = 136) and Fedr(= 98) larvae?*1-2424> — gpacific, since overexpression of cytohesin 2/ARNO rescued
) ) ) ~ the serum-stimulated transcription. Furthermore, we found
to flies caused a phenocopy of the mutation and biochemicalthat both K61 and the nondiscriminatory aptamer M69 down-
and transcriptional evidence of loss of insulin signaling regulate the activation of the MAPK pathway, which is in
(Figure 11C). Thus, the aptamer displacement screen estabaccordance with the novel activity of cytohesin 2 (Figure
lished how to translate information stored within an aptamer 12) 246
into a small moleculé* Thereby, chemical space can be  RNA interference was subsequently used to further
explored in a rapid, focused, and modular manner, by distinguish both protein functions. A siRNA targeting
indirectly taking advantage of the highest molecular diversity cytohesin 2 also resulted in down-regulation of MAPK
currently amenable to screening, namely that of up t§ 10 activation, contrasted by the finding that a SIRNA against
different nucleic acid sequences. Aptamer displacementcytohesin 1 expression showed no effect. A possible expla-
screens demand small molecules of high initial potency, nation for this finding could be that cytohesin 2 is involved
leading to effective and specific inhibitors that can be used in transcriptional regulation via SRE rather than cytohesin
as drug leads or tools in chemical biology. 1. Taken together, the obtained results further demonstrate
Cytohesin 1 and 2 are both expressed in T-cells. To that intramers are versatile tools allowing for assignment of
investigate whether the homologous proteins inherit different novel biological functions to a specific domain or an
functions, we selected an aptamer specific for cytohesin individual protein within a given protein family.
2/ARNO 2% Since the first aptamer (M69) was not able to  |n another approach, Jeong and colleagues have selected
discriminate between the two cytohesins, we used a counter-an RNA aptamer that binds to the DNA-binding domain of
selection protocol to exclude sequences that also bind toTCF-1 and inhibits binding of TCF-1 to its specific DNA
cytohesin 1. The obtained aptamer (K61) exhibited high recognition sequencés vitro.2° To modulate the transcrip-
affinity toward cytohesin 2 with &y of 115 nM, whereas  tion by TCFf-catenin complex in the cells, high levels of
recognition of cytohesin 1 was reduced 35-fold. When tested this aptamer were expressed as intramers in mammalian cells
using anin vitro assay, the aptamer did not inhibit the GEF using an RNA expression vector for stable intramer expres-
activity of cytohesin 2, presumably because it binds to the sion. The intramer inhibited TCB/catenin transcription
coiled-coil-Sec7 interface rather than to the Sec7 domain activity and modulated the expression of T@fatenin
alone. target genes, such as cyclin D1 and matrix metalloproteinase-
Cytoskeletal remodeling and membrane trafficking are 7. In addition, it efficiently reduced the growth rate and
thought to be regulated by GTPases of the Rho and ARF potential to form tumors in HCT116 colon cancer cells. The
families?4” In addition, the small GTPases of the Rho family same group also selected a high-affinity RNA aptamer that
participate in serum response factor transcriptional activation, associated withj-catenin in 2iz0.2°° Nuclear localized
which is stimulated by serum growth factéfé.We ques- aptamer inhibited catenin-dependent transcription of cyclin
tioned whether the cytohesins also take part in transcriptional D1 and c-myc in colon cancer cells. Its expression as an
activation mediated by the serum response element (SRE)intramer led to cell cycle arrest and reduced tumor formation.



3726 Chemical Reviews, 2007, Vol. 107, No. 9

The aptamer also prevented alternative splicing events

induced by stabilizeg-catenin. These studies open up the

potential that intramers can be applied in gene therapeutic

approaches to treat TCF @grcatenin-mediated tumors.
Aptamers have also been expressed in whole orgartdms.

By transformingDrosophila melanogastegerm lines with

an aptamer construct that binds to the RNA splicing regulator

B52, stable expression of up to 10% of the total mMRNA level

was achieve&? Altering the expression levels of the splicing

factor causes severe phenotypes in Drosophila. Consequently,

Famulok et al.
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when expressed in normal flies, the aptamer proved to beFigure 13. Key steps of the HIV life cycle that have been targeted

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 seleated
vitro were successfully applied vivo, some studies suggest
that the characterized properties exhibited vitro are
sometimes not observed when the same RNA sequence i
expressed inside cells. For example, a tFNAhat 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?>3 Nevertheless, the construct failed to support growth
when expressed in a knockout straineofcoli, presumably
due to increased nuclease digestion compared to the natur
tRNAG,

Expression of aptamers using RNA polymerase IllI-based
cassettes provides a convenient way to produce high level
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 hav

selected RNA aptamers that bind to the transcription factor
E2F12%*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 fibrobl&%t$iow-
ever, when trying to express the aptamer by a RNA pol 1l
construct derived from human methionine tRNA, the activity

a

S

by aptamers.

shown previously to inhibit the DNA-binding activity the
p50 subunit of the NEB transcription factor in yea®f2%8
showed a strong reduction of NB-mediated expression of
a reporter gene in mammalian cells, whereas the application
of either the siRNA specific for NEB or the aptamer that
Jargets NEkB alone resulted in incomplete reduction of N8~
acitivty. Cell type-specific delivery of siRNAs into cells was
also achieved by using aptamer-siRNA chimeras, as dis-
cussed belowf® These data indicate that the siRNA and
aptamer technologies represent complementary approaches
to gain maximal control over biomolecule function.

The sometimes different behavior of aptamiarsitro and
ip vivo implicates that caution should be applied before
drawing definite conclusions of biological relevance resulting
from in vzitro 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 recetflgs!
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

was substantially reduced. The authors assumed that interacHIV proteins. Most of these viral proteins show impaired

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

functions if aptamers are appli@dzizvo. Since assay formats
differ considerably in many studies, a comparison ofithe
vivo effectiveness of different aptamers is not facile. Apart
from aptamers targeting gp1292%° and integrasés®269

flanking sequences. This so-called “expression cassettemost studies have focused on the viral proteins HIV RT,

SELEX” yielded constructs that are transcribed very effi-
ciently and exhibited high activity against E2F1 in human
293 cells?® Although a reselection of the expression cassette

Rev, and Tat.
Inhibition of HIV-1 reverse transcriptase by RNA aptamers
in vivo was demonstrated using a temperature-sensitive DNA

might not be necessary in all cases, this technique allowspolymerase | irEscherichia col?’® The mutant is not able

for optimization of aptamer functioim vivo.
In vivo selection to improve aptamer function inside
eukaryotic cell nuclei was also carried out by Cassidy and

to grow at 37°C unless complemented with an exogenous
DNA polymerase. If HIV-1 reverse transcriptase is expressed,
E. colishows normal growth without the impairment of other

Maher using a previously selected aptamer that binds to functions. Expression of an aptamer specific for HIV-1 RT
NF«B p50 in yeast®6-2%8|n contrast to the strategy discussed restores the temperature sensitivity of the strain. The authors
above, the aptamer itself was reselected by generatingnote that their methodology allows for easy screening of RT

aptamer variants containing an average ef32mutations.
The resulting library was then screened for optimized binding
to NF«B by performing a yeast three hybrid experimét.
The authors point out that a combinationinfzitro andin

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

vivo selection enables the generation of highly active and bind to HIV-1 reverse transcriptase with very high
aptamers for applications inside cells. Chan et al. used aaffinity and specificity3>27+273 Using Jurkat cells stably

combined aptamer siRNA approach to gain maximal sup- expressing the anti-HIV-1 RT aptamer in the human initiator
pression of NkB activity in mammalian cell$*® The tRNA™t context, Sczakiel, Restle, and co-workers achieved
combination of both siRNAs and an aptamer that has beenprotection against infection as long as 35 days when low
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doses of virus were uséd Joshi and Prasad obtained similar aptamer in human hematopoietic stem cells bearing C£#34.
results, also showing that viral replication of strains resistant These cells have the ability to differentiate into multiple
to nucleoside analogue RT inhibitors, non-nucleoside ana-lineages of cell types, including CD4T cells and macro-
logue RT inhibitors, and protease inhibitors could be phages, the main targets of HIV-1 infection. Normal dif-
efficiently blocked by pseudoknotted aptam&sTherefore, ferentiation of the CD34 cells was demonstrated in cell
these aptamers could present an alternative method to targetulture as well as in a SCID-hu mouse model. Moreover,
strains that have gained resistance against most HIV therathe Rev aptamer was expressed in end stage cells and
peutics. This finding is strengthened by a further study of rendered thymocytes derived from grafts of the SCID-hu
Prasad and colleagu&$.Most of the HIV-1 reverse tran-  mice resistant to HIV infection.
scriptase |nh|b|tors actas .template analogues b!ndlng to the Aptamers that exhibited 133 times higher affinity toward
nu::lelc acg_rﬁzggnmon §|te| ?[f (tjhe etnz;([m(a.] lismg a D'\iA HIV Tat protein compared to the authentic TAR RNA have
?optﬁ(ranggr)t(amerwh)én tzgtilar?joui?rc? Nrg\lljearlaglesz v?LZr:etﬁlesyan been selected and successfully applied to inhibit Tat-
characterized the mutated HIV.cIones in Iivin’g cells, they dependent trans-activation both in a cell _free transcription
found they were replication deficient due to severe r;roces- assay as wel las n I'&/'ng cheﬂé?The a}utnentlc TAR-1 RNA
sivity defects. These findings underline that targeting nucleic Ec_eql,_lence Is located in the LTR of the HIV genome. By
inding to Tat protein, it significantly stimulates HIV

acid binding interfaces of viruses such as HIV might - .

represent a powerful way to keep the virus in check. In this transcription. To evaluate the ability of _the Se'?Cted Tat

context, a recent study is noteworthy that employs aptamers"“pt‘""mer to prevent the_natural Tat/ TAR interaction, Hel.a

against the RNase H domain of HIV-1 reverse tran- cells were transfected with a LTR-luciferase constfétBy

scriptasé”” The data suggests a different, nontemplate €XPressing the Tat aptamer in addition to the Tat protein,
inhibition of trans-activation of transcription was demon-

analogue mode of action, since the polymerase activity of - ; .
HIV RT is not affected. Nevertheless, the investigated Stated. Similar results were obtained by expressing the
aptamers exhibit relatively weak binding affinities in the low 2uthentic TAR RNA itself to act as a dec&} Advances in

micromolar range and have not yet been shown to inhibit d€livery methods such as antibody-targeted liposomes,
RNase Hin vivo. cationic lipid formulations, and pH-sensitive liposomes as

Aptamers have also been used to target other importantwe" as pol lll-driven transcription of suitable vectors
1 1 I 1 1 1,292
RNA—protein interactions essential in the life-cycle of HIV targeting viral infections have been reviewed recetitly

replication. Among other small RNAs, aptamers for HIV Rev  Another example of a viral protein targeted by an aptamer
and Tat have been expressed in human cells. In an earlyiS the nonstructural protein 3 (NS3) of hepatitis C virus
study, these aptamers were used as an example to develof1CV). The protein comprises a helicase and a protease
nucleus-directed expression cassettes based on the huma®ctivity, both essential for viral replication. Aptamers for the
tRNA™t and U6 snRNA promoter®8 Expression levels, protease domain of the enzyme have been selected, and the
localization, and stability of the expressed constructs were binding mode has been characteriz€d?®> To test the
evaluated, complemented by their potential to inhibit viral activity of the isolated aptameis vivo, a fusion construct
replication by cotransfection with HIV-1 provirus. Although composed of the aptamer and a HDV ribozyme was used,
all HIV-directed small RNAs, such as ribozym&g28 allowing for cleavage of the aptamer from the nascent
antisense RNA$1282and Tat?®® and Rev-specifi®* RNAs, transcript. The authors claim that this approach is more likely
were expressed at moderate to high levels, only a Revto produce correctly folded aptamers. To further enhance the
aptamer was able to significantly reduce virus production in in vivo activity, the aptamer/ribozyme fusion was extended
this study. by addition of a cytoplasmic transportation signal. Expression

The inhibitory effect of the HIV Rev aptamer was further of the trimeric aptamer construct under the control of an RNA
investigated under the control of the human cytomegalovirus Polymerase lI-dependent chicken-actin globin (CAG) pro-
(CMV) promoter in HeLa cell8® The authors observed that moter showed significant inhibition of NS3 protease activity
even the CMV promoter alone is able to act as a decoy in HeLa cells?*® By simply fusing an oligo-U tail to the'3
resulting in inhibition of HIV replication starting from  end of the aptamer, the group recently succeeded in generat-
proviral DNA. The authors suggest that competition of both ing a bifunctional ligand that also inhibits the helicase
viral constructs for transcription factors might be the cause function of NS3297

of this finding and point out the possibility of misleading A different strategy to target viral components by aptamers
results in cotransfection experiments using CMV promoters. involves targeting viral RNA structures rather than viral

HIV Rev was also targeted by transfection mediated by proteins. Progress on this relatively new approach has been
cationic liposome delivery in HelLa cells. To increase the reviewed recently®® Generation of aptamers targeting
transfection efficiency, lipofectin was mixed with transferrin  essential nucleic acid structures complements established
before adding the aptamer. Viral replication starting from techniques such as ribozymes and antisense and RNA
the DNA provirus was efficiently blocked. A ribozyme interference technologies. The advantage of using aptamers
targeting the HIVerv transcript was not able to further rather than the approaches mentioned above is that highly
improve the effects of thanti-Rev aptamef®® Similarly, structured target sites can potentially be targeted. This is of
an RNA aptamer targeting the HIV-1 nucleocapsid pré8in  particular significance, since the most interesting viral RNA
(NC) completely abolished its binding to the stable trans- targets, such as TAR and RRE RNAs in HIV, are highly
activation response hairpin and psi RNA stem-loops of HIV-1 structured. Moreover, aptamer selection is often successful
RNA. When expressed in cells as an intramer, it inhibited even without any knowledge of the target structure. In
the packaging of viral genomic RN&? principle, the RNA part of any essential viral protein/RNA

The potential of using aptamers for gene therapy targeting interaction represents a promising target for an aptamer
HIV was demonstrated by retroviral introduction of a Rev selection.
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A B CJ—" o tions by introducing 2fluoro- and 2-methoxy-substitutions,
TAR RN SL1 hairpin Aptamer  Aptamer exchanging nucleotide loops by hexaethylene glycol spacers,
5 ’ EGP—y 5’ 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
5 5" -ML—EGP; organisms. Interestingly, the anti-PDGF-B aptamer proved
i R TERERG — SRUNRE to be more efficient compared to an antibody recognizing
Kissing complexes Apical Loop- Internal Loop Bimodal Loop-Loop the same growth fact@Pls In a further Study’ F|0ege and co-
complexes complexes

. ) o . o workers investigated the interaction of PDGF-B and trans-
Figure 14. Various kissing complexes found in RNA-binding forming growth factor (TG%)_related pathways in renal
aptamers. (A) Aptamers that target RNA structures, such as thediseases. By utilizing the PDGF-B aptamer, they were able

HIV TAR element, might form so-called kissing complexes. (B) . -
Apical loop-internal loop complexes between RNA hairpins and to demonstrate that both pathways are not interconnected in

selected aptamers also form high affinity complexes (SL1: stem €Xperimental glomerulonephritt&?
loop 1). (C) The high affinity of these complexes can be enhanced The same aptamer was recently employed to elucidate
by the construction of bimodal kissing complex forming RNA  \whether PDGF-B is involved in the expression of Ets-1, a
elements. BRU and MAL depict RNA elements within the TAR key factor in neoangiogened and the contribution of
RNA from HIV. EGP, triethylene glycol phosphate. PDFG-B and its receptors to persistent pulmonary hyperten-
sion (PPHNJX The aptamer was able to significantly
bind a target nucleic acid should result in finding an antisenseSUppres-S some_of the_ abnormal|t|gs caused by PPHN,
liconucleotid mplementary to the target n Atsuggestlng that PDGF—Slgnallng contrlbutgs to the structural
oligonucieotide compiementary 1o he target sequence. Al g0 15 remodeling that takes place during the syndrome.

least for unstructured targets, antisense sequences shoulg different aptamer (EYE001) specific for vascular endo-

present a sufficient solution. For example, a selection thelial :
. ; . : growth factor (VEGF) was also employed to enlighten
performed against the internal ribosomal entry site (IRES) the causes of pulmonary hypertensiéh.

located in the 5UTR of the HCV genome yielded oligo- In additi hei ial lucid h Il
nucleotides that are at least in part perfectly matched by, IN addition to their potential to elucidate the cellular
functions of the targeted hormones, aptamers binding to

Watson-Crick base-pairing® As much as 12 of the 17 hf h b q . hods of
nucleotides selected were complementary to the target RNA.9rowth factors have been used to point out new methods o
cancer treatment. Growth factors involved in pathogenic

When a 2-O-methyl derivative of the selected sequence was X : ; o
angiogenesis, such as those discussed above, are promising

testedin vivo using a luciferase reporter under the control e . .
of the IRES of HCV, half-maximum inhibition of translation targets for tumor ‘hefapy- When injected intraperitoneally
into mice with experimental Wilms tumors, the aptamer

was observed at 2.5 nM concentration. The most effective

antisense oligonucleotides targeting HCV IRES exhibiggc £ E001, also erO\l/\én as NX1838, was able to reduce tumor
of around 100 nM, which means that they are 40-fold less Veight up to 84%: _ .

efficient than the sequences selected in this study. Obviously, In @ further study targeting vascular endothelial growth
other modes of action participate in the recognition of the factor by an aptamer in mice, the role of VEGF in
target RNA. Indeed, a variety of structurally similar leop ~ inflammation and ischemia-induced retinal neovasculariza-
loop interactions, so-called kissing complexes and apical tion was characterized. Interestingly, while potently blocking
loop/internal loop (ALIL) interactions, have been found to Pathological neovascularization and the accompanying leu-
contribute to the binding affinity of aptamers selected for Kocyte adhesion, physiological neovascularization was not

One could expect that the selection of a nucleic acid to

TAR RNA and HCV mRNA&-305 (Figure 14). affected?
The studies discussed above all have in common that
3.3. Aptamers in Animal Models aptamers were administered by direct injection into the

organism. Taken together, the results show promising effects,
Aptamers targeting antibodies were successfully applied hence proving that aptamers can be applied via this conve-
to prevent the effects of autoimmune respori€em a rat nient delivery method, at least when extracellular components
model of myasthenia gravis (MG), an antibody-mediated such as growth hormones and other signaling molecules are
autoimmune response to nicotinic acetylcholine receptors thattargeted.
causes a neuromuscular disorder associated with muscular Recently, delivery of the aptamer EYE001 (NX1838)

weakness and fatigability, injection of a nuclease-stabilized formulated as poly(lactic-co-glycolic)acid microspheres was
and PEG-conjugated RNA aptamer showed inhibition of the stydied!4 A controlled release over a period of 20 days was
clinical symptoms of MG. achieved using this polymeric device. Aptamers have also
Intravenous and intra-arterially injected aptamers againstbeen shown to exhibiin vivo activity when applied by
growth factors have been used to elucidate their roles in asurgically inserting sustained release pellets into the de-
series of diseases. An aptamer specific for platelet-derivedsired tissue. This formulation has the advantage of high
growth factor-B (PDGF-B) was successfully applied in cell concentrations of the aptamer being deliberated over a cer-
culture and by intravenous injection in rats to study the tain time span at a defined location within the body.
factor’s role in glomerulonephritis. Glomerular mesangial cell Specifically, a nuclease-stabilized aptamer targeting angio-
proliferation plays an important role in many renal diseases. poietin-2 (Ang-2) was administered into the cornea of t#ts.
PDGF is believed to play a key role in mesangial cell Ang-2 is believed to antagonize the receptor tyrosine kinase
proliferation. To study the effect of PDFG inhibition in renal Tie2, which regulates vascular stability. To decipher the
diseases, the authors applied a modified aptamer to nephriticdifferent actions of Angl and Ang2 related to proangiogenic
rats??5 For this purpose, a previously selected DNA aptamer growth factors, an Ang2-specific aptamer was selected.
for PDGF-B (NX19753°” was modified forin vivo applica- Delivery of the aptamer into corneal micropockets inhibited
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basic fibroblast growth factor-mediated neovascularization. B
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.
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3.4. Aptamers as Delivery Molecules Eraannd

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 int&ta@stis
aptamer was used for the localized delivery of siRNA
molecules and toxinis vitro andin vivo. Therefore, chimeric
molecules were prepared that bear the PSMA-specific
aptamer and a siRNA molecule that specifically targets an
mMRNA 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 molecule¥® (Figure 15A). The direct adminis-
tration of the complex to LNCaP cells, a prostate cancer cell Figure 15. The prostate-specific membrane antigen (PSMA)
line that expresses PSMA, resulted in a reduction of lamin binding aptamer can be used as a cell type specific delivery agent.
expression. Indeed, expression of lamin was reduced to theg?" B) SARNA moleculeg_ can be Cougled either a sltrepta\ﬁdl_n
same extent as observed in cells that were transfected witho:coé'g acpgmgtrr_ya(@ grsig‘,f&}ég;;rf tgrqﬁgcprgﬁﬂicg&;ﬁqgsgggr
oligofectamine. In contrast, cells that do not have the PSMA

A - g . PSMA-mediated recognition of the aptamer domain and the
protein showed no reduction of lamin expression after receptor-mediated internalization of the aptarr@RNA complexes,
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treatment with the streptavidin-aptameaiRNA complex. In

a different study, McNamara et & used aptamer/siRNA
chimeric RNAs that target the polo-like kinase 1 and BCL2
(Figure 15). The chimeras used in this study solely consis
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 nanoparticteaptamer conjugate to treat prostate
cancerin vitro andin vivo using a xenograft nude mouse
modef16-318 (Figure 15). The nanoparticles contained doc-
etaxel?'® a chemotherapeutic taxoid drug used in clincal

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

tthat encapsulate docetaxel. Also, the formation of noncovalent

physical conjugates with doxorubicidin has been used for the
cellular delivery of cytotoxic agents.

chemical versatility of aptamers without loss of functionality.
Taken together, aptamers represent excellent tools for the
localization of cytotoxic agent® 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’?>-325 Aptazymes are chimeric molecules that
consist of an aptamer domain and a ribozyme module. Just
like allosteric enzymes, their catalytic activity is regulated

practice for the treatment of patients suffering from prostate py pinding of a small ligand, a protein, or another oligo-

cancer. The aptamer-based targeting of docetaxel showethycleotide to the allosteric domain of the aptazyme, distant
enhanced cytotoxicity toward the cancer cells and reducedfrom the active site.

systemic toxicity. Similarly, the targeting properties of the
anti-PSMA aptamer can also be combined with the toxic
characteristics of gelonin, a ribosomal toXf{Figure 15C).

4.1. Aptamers and Aptazymes as Molecular
Switches

These aptamer/toxin conjugates were shown to specifically

reduce cell survival of LNCaP cells. Also along these lines, The basis for this concept lies in an intrinsic property of
Bagalkot et al. constructed noncovalent conjugates of theligand complexation by aptamers, namely adaptive binding
anti-PSMA aptamer with doxorubicin and showed that these which involves different conformational ordering processes,
conjugates can also be applied for the specific inhibition of as in the main revealed by structural elucidations of
the viability of prostate cancer celtd (Figure 15C). These  aptamer-ligand complexe8.” Ever since the first
approaches make use of covalently linked aptamers to eitheMNMR5114.326339 gand crystal structuré% 34.104.107.340,341f

the nanoparticles or the toxins. This further underlines the aptamer-target complexes were resolved, it was clear that
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Figure 16. Selection of FMN-dependent aptazyn#sThe connecting region of an FMN aptamer and a hammerhead ribozyme has been
randomized at eight positionk vitro selections were carried out for variants that get activated as well as inhibited by the presence of 200
uM FMN. Both selections yielded a variety of communication modules; one example for each variant is shown.

the binding of a target by an aptamer normally occurs by dependent RNA cleavage either in the presence or in the
adaptive recognition. Thereby, aptamers which often com- absence of FMN. The identified stem Il sequences were
prise unpaired loop or bulge regions that are conformationally shown to exclusively allow communication between the
heterogeneous in the free nucleic acid acquire a distinctmodular domains of the HHR construct and, thus, were
conformation by adaptive folding around the bound target. designated as “communication modules”. Using other known
As a result, complexation of a ligand stabilizes the folding aptamers as allosteric sites, the selected communication
of its aptamer at the binding site, reinforcing the stability of module was successfully used to engineer aptazymes with
adjacent helical domains. When connected to a weakenedother ligand specificities. When the FMN aptamer motfdle
but essential helix of a ribozyme or sensor module, ligand was replaced with previously identified ATP and theo-
binding by the aptamer induces helix stabilization, switching phylline binding aptamer motif&/ new aptazymes regu-
the activity of the ribozyme in the presence of the corre- lated by ATP and theophylline, respectively, were ob-

sponding ligand.

4.1.1. Aptazymes Based on the Hammerhead Ribozyme
(HHR)

tained. In the meantime, versatile RNA elements that func-
tion as communication modules rendering disparate RNA
folding domains interdependent have been descrifféthe

FMN and theophylline aptamers were also used in a single

The first generations of aptazymes that exploited this allosteric HHR to engineer an aptazyme that requires two
concept were based on hammerhead ribozyme (HHR)/different small molecule effectors to induce catalytic activ-
aptamer chimeras regulated by small molec&tes For ity. 349
example, a rationally designed aptazyme regulated by ATP An intuitive design of effector-regulated hammerhead
was obtained by fusing a known ATP-binding aptatffer ~ ribozymes can also be achieved by using oligonucleotides
adjacent to a hammerhead ribozyme doni&ii?* In the that regulate catalysis by hybridizing to the ribozyme. In the
presence of ATP or adenosine, the cleavage rate of thefirst example of an allosterically controllable ribozy#a
ribozyme was decreased 180-fold compared to a control DNA oligonucleotide complementary to a single-stranded
reaction in which dATP or other NTPs were used, which do loop in the ribozyme was used to switch on the active state
not interact with the allosteric aptamer domain. A detailed of an otherwise inactive HHR.
investigation of this aptazyme’s regulatory mechanism There are two types of allosteric ribozymes amenable for
revealed that the observed reduction in catalytic activity of screening: First, there are ribozymes that selectively monitor
the adjacent ribozyme domain was due to steric interferencesubstrate or product formation during an enzymatic reaction.
between the aptamer and ribozyme tertiary structéfes. These are used to screen for inhibitors of catalytic activity

Similarly, two independent studies combined the ham- in an indirect way. For example, a minimized ADP aptamer
merhead ribozyme with an aptamer that binds flavine was used to construct a RiboReporter sensor that detects ADP
mononucleotid&? (FMN) as the allosteric regulatory mod- in a background of ATP and generates a fluorescent stjnal
ule 343:346n one study?*3 six variants with different sequences (Figure 17A). Upon binding to ADP, the sensor undergoes
in the essential stem Il that connects the aptamer with theself-cleavage and generates a fluorescent signal. The ADP
hammerhead ribozyme were rationally designed. Stem Il is RiboReporter sensor was used to monitor pERK2 protein
essential for ribozyme activity. Only sequences with a stem kinase activity in a pilot screen of 77 test druglike com-

Il that was shorter than 5 base pairs were found to be pounds. The ADP RiboReporter sensor unambiguously
sensitive to FMN, indicating that ribozyme activation by identified microplate wells containing a known inhibitor
FMN occurred by inducing stem Il formation. Thus, the (staurosporine), but no new functional molecules could be
connecting stem serves as a communication module betweerliscovered in this test screen.

the allosteric FMN binding site in the aptamer and the In a similar approach, Nutiu et &% used an allosteric
catalytic domain in the ribozyme. In the second stéf@gtem DNA-aptamer that binds adenosine better than 5-adenosine
Il was also used as the connecting domain, but this time, monophosphate (AMP) to report the activity of the alkaline
the stem Il variant with the potential to form four base pairs phosphatase-catalyzed cleavage of AMP to adenosine (Figure
was randomized in the corresponding eight nucleotides 17B). This fluorescent reporter was applied for the indirect
(Figure 16). This small HHR-aptamer library was subjected identification of known small molecule inhibitors of the
toin vitro selection to identify variants that mediated HHR- alkaline phosphatase (ALP).
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A A formation of a pseudoknot structut@.In the absence of the
&/'_""C,ATP 006@:[ protein effector, the aptazyme remains active, and substrate

By (% cleavage can be monitored by an increase in fluorescence.

E _—

Owing to the specificity of the parent aptamer, the reporter

T ribozyme only detects RT from the HIV-1 strain and is
Phosphorylated irresponsive to the homologue RT of HIV-2. This reporter

R ribozyme was recently used to screen a library of 2,500 small
“ druglike compound&! This screen identified SY-3E4, a
substituted\,N'-diphenylurea derivative, as a new inhibitor
goosPialase o gé A+ of the DNA-dependent, but not RNA-dependent, primer
- _CQ; > e >4 mm% 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,
c SY-3E4 inhibited HIV-1 replication for wild-type and a
: multidrug resistant strain in a mechanism in which the
I } ?\. k Small.rnolecule /gsﬂle@\

3 compound competes with primer/template-complex binding
, -. %% to HIV-1 RT. An analysis of available crystallographic data
\ g \ = +Cnoni/m_ of HIV-1 and HIV-2 RTs3362365 constrained by the
v characteristics of drug resistance mutat#éhg5276.366369 gnd
Figure 17. Aptamers and ribozymes for inhibitor screening. (A) the inhibitory profile of the compound, suggested a region
ﬁazir%?heegcgt?éoco?ﬁésmgr :gtla?erDr?é?(ngge;C?P%gdergstoog:je in these proteins as a new drugable interface that can be
iboz indi i Vi -
ing to ADP genergted in the r)éacrf)iéﬁ.ADP binding ac%/ivateps targeted by a small molecule. .
ribozyme cleavage and leads to release of the fluorescence (F)- There are several other RNA/protein complexes that are
labeled oligonucleotide, which generates a fluorescence signal. (B)important in the life cycle of HIV-1, for example that
The activity of alkaline phosphatase is reported indirectly by a DNA between the HIV-1 Tat protein and its viral RNA receptor,
aptamer that binds to adenosine (black triangle) produced in the the trans-activation responsive elemé&ft(TAR). The TAR
reaction352370 Binding of the aptamer to adenosine releases the motif was utilized for rationally designing HHR-based

guencher (Q)-labeled oligonucleotide, and fluorescence can be . . S
detected. (C) A protein-dependent hammerhead ribozyme directly Protéin-responsive all?ggfggc ribozymes that are regulated by

reports molecular interactions of the bound protein with inhibitory ~ the HIV-1 Tat protei
small molecule§®® Binding of a small molecule to the protein Allosteric HHRs were also used to monitor the phospho-
cleases he prten o th fbozyme and thus (iggers cleavageryition status of profeinS T rational design was base
These reporter ribozymes were u’sed to identify novel small on aptamers that specifically recognized the nonphosphory-
molecule inhibitors of the HIV-1 Rev and HIV-1 reverse tran- at€d and the phosphorylated forms, respectively, of extra-
scriptase proteins. cellular regulated kinase 2 (ERK2), a member of the mitogen-

activated protein kinase (MAPK) family (the aptamers used

Second, there are ribozymes whose cleavage activity isin this study differed from previously described aptamers
directly dependent on proteins and peptides. Small moleculesTom the same group that inhibit tie vitro phosphorylation
or other proteins that disrupt aptazymarget binding can  activity of ERKZ29). The aptamers were fused to stem Il of
adversely affect the cleavage activity of these allosteric the hammerhead ribozyme in such a way that the formation
ribozymes. For example, hammerhead ribozyme-based re-of inactive rlb(_)zyme conformers was favored in the absence
porter ribozymes were designed that are either active or Of the respective phosphorylated or unphosphorylated forms
inactive upon binding the HIV-1 Rev protein or its arginine ©f ERK2. In their presence, however, the ribozyme became
rich motif (ARM) peptide epitopés3 These allosteric ribo-  active in cIeaV|r_lg a substrate RNA. T_hls design bears the
zymes were used to screen a small library composed of 96Potential of monitoring the phosphorylation status of a protein
natural antibiotics for molecules capable of disrupting the in & solution-phase assay format.
interaction of the HIV-1 rev-peptide with its complementary ~ These examples are all based on rationally designed
RNA binding site, the Rev response eleni@hi®> (RRE), allosteric hammerhead ribozymes. However, allosteric
or an anti-rev aptamép®35” For monitoring the aptazyme aptazymes can also be isolated directlyifbyitro selection
activity, a substrate oligonucleotide labeled with a fluores- approaches. This is useful in cases in which no aptamer for
cence donor at the'fend and a quencher dye at theeBd a particular ligand is available or in which an aptazyme is
was used that emitted a fluorescence signal only after sought to perform under special conditions such as limited
cleavage by the ribozyme to allow for efficient real-time divalent metal ion concentrations, a certain pH, or unusual
analysis of aptazyme performan®&3>° The screening of  ionic strengths.
the library revealed one compound, the gyrase inhibitor  For example, an RNA library was used to select allosteric
coumermycin Al, that was able to inhibit virus replication rihozymes that responded to cGMP and cARIPFor
in vivo. Thus, the small molecule possesses the sameconstructing the library, the entire aptamer domain of the
characteristics as the aptamer from which it was derived. previously described FMN aptazy@iewas replaced by 25
This study established that it is possible to identify novel random nucleotides whereas the “6®MN1 communication
small molecule inhibitors for a given protein by using module4and the ribozyme were left unaltered. This library
interference with RNA/protein interactions as a basis for was subjected to a process called “allosteric selection”, which
screening (Figure 17C). aims for the isolation of aptazymes that self-cleave only in

In a similar study?®® we fused an HIV-1 reverse tran- the presence of the desired effector molecule but remain
scriptase (RT) binding aptantétto the hammerhead ribo-  uncleaved in the presence of other compounds. The selection
zyme. Binding of RT to its aptamer domain induces the was based on size-separation of cleaved and uncleaved
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species by polyacrylamide gel electrophoresis (PAGE), and ..~ FreT v

included negative selection steps in the absence of effector"--Fl-"' R '\Ql e 4

compounds. In this way, allosteric ribozymes were isolated N e od

that could be activated 5000-fold by either cGMP or cAMP 5" ™ gﬁi’f‘: E Fl

in a highly specific manner. ... domain
Similarly, one of the theophylline-dependent aptazyiftes —

was subjected to allosteric selection to isolate allosteric ribozyme

catalysts with new effector specificiti®. 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

‘heOPh_V!"'_”e apt_amer only in asing!e mutation, which defines Figure 18. The miRNA-detecting reporter-ribozyme contains a
a specificity switch from theophylline to 3-methylxanthine. yomain (dashed) complementary to a given miRNA. In the absence
A related approach, but without exploiting communication of the miRNA (gray), the fluorophor (F)- and quencher (Q)-labeled
modules, was applied by our group. We constructed a HHR- substrate oligonucleotide remains uncleaved and nonfluorescgnt due
based library replacing stem I of the HHR with 40 random % eseeeE e B hatrate. Fluorescence
?huecilr(??z?t?c?i;l;it:)t-ir::]sc#bzarﬁlorgt\greif rsigggsrsnsgl;"%;ugfpcéﬁg tc?n isbdetgcted wr?en the clegved substrate halves dissociate off the
the antibiotics doxycycline and pefloxacine. The doxycy- ribozyme.
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 selectiof!

dye. Other proteins, such as the highly relagethrombin,
which lacked the aptamer binding domain but was otherwise
identical toa-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 a-thrombin which competes with aptamer binding through
o its high-affinity interaction with exosite? the catalytic
4.1.2. Aptazymes Based on the Hairpin Ribozyme activity of the ribozyme remained low, because hirudin led
The hairpin ribozyme, when annealed to its RNA substrate to release of the aptamer from isthrombin target so that
oligonucleotide, shows a unique secondary structure com-it hybridizes back to the ribozyme. Thus, the aptazymes were
prising two domains: A and B2-3%4 Crystallographic and  able to report the thrombiphirudin interaction in a con-
biochemical studie85386 revealed that the mechanism of centration-dependent fashion, thereby representing an effec-
cleavage is characterized by an oscillating reaction pathwaytive tool for the analysis of protetnprotein interactions.
starting with a conformation where these two domains are Other examples of engineered hairpin ribozyme variants
coaxially stacked and aligned in a linear extended fashion. included reporters for oligonucleotides such as microRi¥As
This conformer then folds into a docked structure with (Figure 18), the mRNA leader sequence oftifpemRNA 3%
domains A and B interacting mainly via noncanonical base the RNA-binding site for the bacteriophage R17 coat
pairs, resulting in the ribozyme bending sharply at a site protein® and sequences of nonspecified functiéiso?
defined as the hinge regiéf—3° Only this docked confor-  Approaches for the direct detection of oligonucleotides
mation permits site-specific cleavage of the substrate. Fol- without the requirement of any external labeling become
lowing cleavage, the docked complex unfolds back into the increasingly important because they would allow for the
extended structure and the cleaved products dissociate. Thanalysis and quantification of a nucleic acid in an organism,
hinge region acts as a flexible linker mediating the docking cell, or tissue which is incompatible with extra chemical steps
process by stabilizing the active conformation and facilitating such as attachment of fluorophores or radioactive resit#fes.
the tertiary contacts that define the active site within the  One of our aims, therefore, was to design allosteric hair-
interface between the internal looff$.This fairly detailed  pin ribozyme constructs allowing the direct detection of
understanding of the molecular mechanism involved in microRNAS? (miRNAs). miRNAs are a class of eukaryotic
hairpin ribozyme catalysis highlights the hinge region as a small functional RNA sequences that regulate gene expres-
promising target domain for controlling the ribozyme’s sjon399-402\We have designed hairpin ribozyme variants by
structure and folding pathway by potentially binding effector incorporating a new domain C, which is complementary to
oligonucleotides. Consequently, a series of ligand regulatedthe target nucleic acid and also contains a short sequence
ribozymes based on hairpin ribozyme variants have beenthat can partially pair with domain A, thus rendering the
described. ribozyme inactive because domain A can no longer dock to
Our research group, for example, aimed toward the usedomain B. In this way, ribozyme activity can be induced by
of allosteric ribozymes for reporting protetprotein interac- externally added miRNAs (Figure 18). This design signifi-
tions3%2 For that purpose, hairpin ribozyme variants were cantly differs from the approaches with similar goals
designed that contained sequences complementary to the antdescribed befofg®4% (see also another highly sensitive
thrombin DNA aptamet® Upon addition of the aptamer system based on the hepatitis C virus riboz§if)ein that
sequence, the aptazymes were specifically inactivated. In thehere oligonucleotide-induced hairpin ribozymes can be
presence of the cognatethrombin, the hybridized aptamer rationally designed?® whereas the other approaches require
was sequestered, leading to activation of ribozyme catalysisin vitro selection of the required regulatory domaiffgt03.404
by allowing proper folding into its active conformation. As We designed nine ribozymes that could be activated by
with the hammerhead reporter ribozymes, ribozyme catalysisdifferent miRNAs. For each ribozyme, fluorescence increased
could be quantified in real time by applying substrate only upon addition of the cognate miRNA whereas addition
oligonucleotides labeled with a fluorophore and quencher of noncognate miRNAs resulted in baseline levels of
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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
beacond?4%| jke the MG-aptamer-based systéffithese
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 ratiofilly.
These hairpin ribozyme variants were engineered for detect-
ing proteins such as human thromfdihor the trp leader
MRNA, the RNA sequence tightly bound by thetryp-
tophan-activated trp-RNA-binding attenuation protein (TRAP)
of Bacillus subtilis!®® TRAP regulates the expression of
genes required far-tryptophan biosynthesis in response to
changes in the intracellular level oftryptophar’®® Com-
prising 11 identical protein subunits arranged in a single ring,
TRAP binds a specific RNA sequence in the nasdegmt
mMRNA transcript leader region, but only when cooperatively
activated by 11 bound-tryptophan molecule¥?% 42 As in
the case of the miRNA-responsive hairpin ribozyrfés,
variant ribozymes contained an additional domain C, comple-
mentary to this mMRNA. Ribozyme activity can be switched
by hybridizing to the trp leader mRNA and then can be
specifically reverted by the TRARL-tryptophan complex
via sequestration. These reporter ribozymes thus can sens
the activity status of a protein controlled by its metabolite
molecule and could potentially be applied for the screening
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of TRAP-binding small molecules. Similarly, these reporter Figure 19. Random pool design and selection scheme for the ligase
hairpin ribozymes can also be regulated simultaneously by ribozyme. (A) N90 pool. The substrate oligonucleotide is boxed in
an oligonucleotide effector and the small ligand flavin gray, and the substrate binding site is boxed white. (B) The selection
mononucleotide, if the ribozyme harbors a corresponding Scheme used to isolate ligase ribozymes from the N90 pool. Five
FMN aptamer3 This example established a new principle rounds of selection were performed with the po.ol of ’N90 RNA
for the regulation of ribozyme catalysis in which two molecules, captured on streptavidin agarose (SA; 11 o'clock) with
. : pool-specific primers and substrate oligonucleotides. After equili-
regulatory factors (an oligonucleotide and a small molecule) pration with MgCh in buffer, the reaction was initiated by addition
that switch the ribozyme’s activity in opposite directions of a twofold molar excess of substrate oligonucleotide (gray box,
compete for the same binding site in the aptamer domain.tag). RNA was then eluted from the streptavidin (1 o’clock), and
Other oligonucleotide-regulated catalytic nucleic acids are Li?%g’(fa‘gg(')‘?gi‘ﬁgsj[ocev%%'ﬁ"qggt,,hgegﬁg:] CS:‘JV‘;‘BS”SSGS dmgg‘ Sg'cnk';y
based ?n RN;A—CIeaV‘!ng Cfltalyt'c DNA& Thesg DNAS’ Columns were washed to remove members of the RNA pool that
called “10-23" and “8-17", were obtained bin vitro had not reacted with the substrate; ribozymes were eluted with base
selectiorf>8-17 was originally selected as a deoxyribozyme, (3 o'clock). Selected populations were reverse transcribed with
termed “Mg5”, that cleaved a ribo-A residue imbedded in a SuperScript Il reverse transcriptase (4 o’clock). The cDNA was
DNA sequence context®417 Later, Mg5 and 8-17 were then PCR_qmpliﬁed 6 o’cIc_)ck). This DNA was used as the input
found to be identicat!® Based on similar catalytic DNAs, a B{Ii\” vaigg':'hoé‘r?'t’r;i%%rr‘i%':‘é"ﬁgg}; gé?(?"g%%t'?r:‘e(fe%ﬁl‘gﬁg)-lqws
series of sensor systems for metal ions were devel®§ed. : y A
Recently, one of these systems was transformed into awas used as the input for the next round of selection.
colorimetric lead biosensor by using the DNAzyme to
assemble gold nanoparticl&8:42* A similar principle of
detection of binding events with gold nanoparticles was
constructed which allowed the litmus-test-like detection of
adenine and cocairfé> %4 Similarly, aptamer-modified gold
nanoparticles were also applied for colorimetric determina-
tion of platelet-derived growth factors and their receptéts.

construction of FMN-dependent ligase ribozymes was shown
to be less efficient. Thusin vitro selection of FMN-
dependent ligase ribozyme variants was applied, similar to
a previous selection scher?f@.In another approach, ligase
aptazymes were used as the basis to construct artificial
nucleoprotein ribozyme®é 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
The aptazyme approach was broadened by using eitheror Cyt18. In a second approach, Robertson et al. used the
other ribozymes or different effector molecules. In this same ligase library to gain HIV-1 Rev-dependent aptazyme
manner, Ellington and co-workers engineered small-molecule- ligases??° These results may have important implications on
dependent ligase ribozyme variants by using an artificial the development of ligase-dependent diagnostic arrays for

4.1.3. Aptazymes Based on Ligase Ribozymes

oligonucleotide-dependent ligase ribozyfigFigure 19).
They used the aptamer domains of AT¥#45and theo-

the analysis of the HIV-1 proteoni&#3In a different study,
Thompson et al. enhanced the aptazyme technology by using

phylline®*” and constructed allosteric ligase ribozymes now group | introns for engineering of theophylline-regulated

dependent on ATP and theophylline, respectivélyThe

genetic switches. They demonstrated that the artificial
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theophylline-regulated group | intron was able to mediate A o o
theophylline-dependent splicirig viz0.3% ONsiate OrFstae

4.1.4. Aptazymes Based on the Diels—Alderase Ribozyme

. E ORF

The Jachke group expanded the aptazyme approach to as 5 Woww—fmeecsi— 5
ribozyme that catalyzes the Dielé\lder reaction31432This
ribozyme was shown to act as a Dielslder catalyst,
catalyzing a [4-2] cycloaddition reaction between the diene
anthracene and the dienophile maleimigfe3> Helm et al.
usedin vitro selection to identify communication modules : g|
that enable the allosteric regulation of the DieMdder . H )
ribozyme in response to the alkaloid theophyllifdeA
rational design approach led to Dielalder ribozymes that
can be allosterically controlled by three different chemical "ON"-state
effectors: the theophylline, the aminoglycoside tobramycin,
and a region of the mRNA encoding for the tumor-related
kinase Bcr-AbK3” 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-

"ON"-state "OFF"-state

ORF

Metabolite
(GIcBP) 5 e
A

\
+

glmS ribozyme

Figure 20. Overview of common principles of riboswitches. (A)
Termination of transcription: Upon binding of the regulatory

based assays. metabolite to the aptamer part of the riboswitch, reorganization of
) ) stem-looped regions occurs. As a consequence, within the expres-
4.2. Riboswitches: Natural Regulatory Aptamers sion platform of the riboswitch, a transcriptional terminator structure

i ) . . forms and gene expression is shut down. Blue, aptamer platform;
The first hints, even though not finally proven, suggesting red, expression platform; ORF, open reading frame; RBS, ribosomal
the existence of natural regulatory aptamers, or riboswitches,binding site. (B) Inhibition of translational initiation occurs by a
came from biochemical and genetic studies in bacteria similar mechanism involving refolded hairpin domains. Binding
elucidating the mechanisms of feedback regulation of vitamin of the metabolite to the aptamer platform results in folding of a

. : _stem masking the ribosome binding site (RBS) and, hence, is
and coenzyme biosynthesis pathways. For example, We inhibiting gene expression. Blue, aptamer platform; red, expression

glenski and colleagues observed homologies betwesitro platform. (C) Activation of ribozyme cleavage was found in the
selected RNA aptamers and RNA sequences in the 5 case of the gimS riboswitch. Glucosamine-6-phosphate (GIc6P)
untranslated region (UTR) of transcripts of the arginase binds to the 5UTR of the message and thereby activates ribozyme
structural geneggaA from Aspergillus nidulang® It was cleavage, resulting in inhibition of gene expression. The metabolite
found that, depending on the growth conditions, transcripts presumably acts as true cofactor of the cleavage reaction rather
of this gene showed differences in the fairly long and highly than inducing the active ribozyme fold.
structured 5UTRs. It was suggested that these UTRs contain on both transcription attenuation and inhibition of transla-
putative aptameric binding sites for arginine, which suggestedtional initiation#°5-457 Since the discovery of the adenosyl-
a participation of the amino acid in regulation of agaA- cobalamine-dependent riboswitch, a series of other distinct
expression via aptameric binding to thisbTR RNA. riboswitches were identified. Currently, riboswitches regu-
The analysis of the transcripts of several operons, encodinglated by metabolites such as thiamine, FMN, guanine,
for the genes that are mandatory for the biosynthesis of adenine, Sadenosylmethionine, glycine, and lysine are
vitamins and coenzymes, such as thiamine, adenosylcobalknown#%¢-46” The overall topology of riboswitches can be
amine, and flavin-mononucleotide (FMN), revealed evolu- divided into two communicating domains: (i) a highly
tionary conserved RNA regions located in thelB’'R of evolutionary conserved aptamer domain, that serves as a
these operon&® 445 Mutational studies illustrated that the specific and high affinity sensor for the metabolite molecule,
conserved RNA regions are necessary for the accurateand (ii) the sequence variable expression platform by which
regulation of various biosynthesis gertés!*6452 These the riboswitch exerts its inhibitory or activation effégt
findings led to the assumption that either a vitamin or (Figure 20). The three-dimensional structures of some
coenzyme-dependent protein or the metabolite itself interactsriboswitch aptamer domains have been eluciddteti®and
with the corresponding conserved mRNA region and thus revealed that the metabolites stabilize secondary and tertiary
allows the genetic control of protein translatittANou and structure elements that are harnessed by the riboswitch to
Kadner demonstrated that in the presence of adenosylcobalmodulate the synthesis of the proteins coded by the mRNA.
amine the binding of the ribosome to the to th&B RNA, In addition, the structures provided insight into how folded
an mRNA that encodes for a cobalamine transport protein, RNAs can form precision binding pockets that rival those
is prevented> In accordance to that, Ravnum and Andersson formed by protein genetic factors.
illustrated that cobalamine induces a distinct folding of the  Riboswitches were found in Gram-positive as well as in
mMRNA that results in the sequestration of the ribosome Gram-negative bacteria, and it is becoming apparent that
binding site (RBS¥>® Finally, Nahvi et al. showed that the eukaryotes also possess these highly conserved ele-
btuB mRNA selectively binds coenzyme B12 without any ments?>%476477n contrast to the fairly clear topology of the
further need of a protein factét® The interaction of the  riboswitches, the mechanisms by which they modulate gene
MRNA with the coenzyme molecule forced the mRNA into expression seem to be rather complex. In addition to the
a distinct conformation whereas the RBS is blocked and inhibition of gene expression, the discovery of a riboswitch
hence translation initiation is inhibited. The mechanism by that regulates ribozyme function and the adenine riboswitch
which adenosylcobalamine influences gene expression relieghat activates gene expression strongly broadened the spectra
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iy Figure 22. Modulating gene expression with ligand-regulated
ribozymes. (A) Ribozyme-mediated inhibition of gene expression.
HiCuy Nﬂm A hammerhead ribozyme derived frdB mansonwas introduced
. | H33258 L 18 into the 5-UTR of an mRNA. The fast cleavage kinetics of the
N\Q 3HC) ribozyme results in an mRNA that has lost tHec&pped fragment,

f 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 mMRNA
and, hence, gene expression is facilitated by addition of hammerhead
ribozyme inhibitors (star). Gray box, open reading frame; white

box, hammerhead ribozyme.

! inhibition of translation

5% AUG -3
Figure 21. Aptamer sequences can be introduced into tHd TR
of reporter genes. Upon the addition of their cognate ligands, e.g., Mulligan et al. recently introduced an exogenous control
tetracycline, theophylline, or the Hoechst dye H33258, the transla- system for regulating gene expression in mammalian cell
tion of the reporter is suppressed. lines493494 By positioning a modified version of the Sm 1

i , , . o hammerhead ribozyme from the tremato8ehistosoma
of riboswitch-mediated genetic contr8f*"°Recent findings  yansonj termed N79, into different untranslated regions
of the ribozyme-mediated glmS riboswitch point to the upstream and downstream of a LacZ reporter gene, the
possibility that the regulating metabolite, glucosamine-6- eypression of this gene was suppressed by the ribozyme’s
phosphate (GIc6P), is actively participating in the cleavage ¢qnstitutive cleavage activitlF*97 (Figure 22A). However,
reaction as cofactor instead of inducing the activated structuregene expression could be switched on by adding either an
of the ribozymet®**! see Figure 20C. Recent evidence gjigonucleotide complementary to the ribozyme or a small-
indicates the use of riboswitches for splicing control in - yqjecule inhibitor of ribozyme activity, thereby interfering
eukaryotes further enhances the portfolio of metabolite- \yith the self-cleavage activity of N79 (Figure 22B). These
regulated genetic switché¥. Being regulated by small  g5ijor-made inducers of gene expression were even shown
molecule metabolites, riboswitches may be interesting can-q work in mice. Together with other methods, like intra-
didate target molecules for the development of novel gr9.162627¢, aptazymed?228244.4%t may be possible to
antibacterial compound$? Currently, assays that are com-  gngineer systems for the regulatiorimizo gene expression
patible with high-throughput screening of riboswitch inhibi- 4 respond to virtually any small molecule or metabolite.
tors are being develope®“®® and the first antibacterial It is also possible to applin vitro selected aptamers for
small molecule inhibitors that target riboswitches have been ¢raatinge. coli strains that activate protein translation only

reported:®’ 4% in the presence of the cognate small moleétleThe

o ) ) theophylline aptamét’ was transformed into a synthetic
4.3. Artificial Riboswitches riboswitch by subcloning it upstream of the ribosome binding
site of a-galactosidase reporter gene that allowed accurate

; e : ; P measurement of small changes/firgalactosidase activity
underlying principle was already realized in artificial systems. . ; J= ;
ying princip y Y in response to theophylline binding. Interestingly, cells that

By introducing aptamers that bind to Hoechst dyes H33258 harbored the aptamer could specifically be amplified from a

and H33342 into the'8JTR of af-galactosidase reporter, . '
small molecule-mediated repression of translation was PO°! containing a 15fold excess of cells expressing a mutant
aptamer which do not respond to theophylline. This result

observed in mammalian celt® Translational control ele- - .
ments based on tetracycline and theophylline-controlled SU99€sts that this method might be further used to perform

aptamer have been realized in ye8t42 In these studies, in vivo selections for aptamers with riboswitch activities that

the potential of aptamer/ligand interactions to suppress resltoontd to closely related small molecules from a pool of
translation was demonstrated using reporter genes (Figuremu ant sequences.

Prior to the discovery of riboswitches in nature, the

21). o
In contrast, Grate and Wilson inserted a malachite green4'4' Natural versus in Vitro Selected Aptamers
aptamet'! into the 3-UTR of a cyclin transcript inS. Comparisons of natural aptamers with vitro selected

cerevisiag thereby rendering the cell cycle control responsive aptamers reveal distinct differences between the two species.
to the triphenylmethane dy€> Taken together, the approach First, the binding motifs of some natural aptamers are longer
of inserting small molecule-binding aptamers into transcripts than the motifs found byn vitro selection®® Second, the
demonstrates the possibility of specifically regulating gene affinities of the natural aptamers for their cognate target
expression on the translational level. Whether the techniquemolecules are significantly higher than many of those found
possesses further potential toward applications in diseasewith artificial aptamers234€8|nterestingly, a recerih vitro
related therapy remains to be shown. selection study revealed that RNA aptamers with a higher
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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 aptamef& 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 /T
ATP

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- Aptamer
dimensional solution for GTP bindirf§! 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 RNARNA contacts as opposed
to increasing the number of specific contacts to the ligdhd.

Intensive analysis of metabolites and their derivatives
binding to natural aptamer domains suggested that theFigure 23. RNA-based ATP aptamer that is able to discriminate

aptamer domains in riboswitches appear to utilize the entire Pétween adenosine ligands based on theshbsphorylation state.
tabolite for high affinity bindings846465However, the This aptamer was obtained by applying a selective pressure that
me ' ! demands recognition of thé-&iphosphate. It binds to ATP with a

CryStal structures Of the thiamine ribOSWitCheS revealed Kd of approximate|y 5{M and to AMP with aKd of approximate|y
that the interaction of the metabolites with the aptamer 5.5 mM, a difference of 1100-fold. This aptamer demonstrates that

domains actually depends on the presence of the phosphatémall RNAs can utilize negatively charged moieties for interaction.
groups?’247347whereas the central thiazole moiety is not 5. Conclusion

recognized by the RNA and can be substituted by a pyridyl  Aptamer technology has matured over the last 17 years
moiety, as found in pyrithiamine pyrophosphéteAlthough from being a technique to identify ligands for organic dyes
the phosphate group is anionic so that the RNA has to and proteins to a wide research field, providing sophisticated
overcome electrostatic barriers, it can form such interaction inhibitory molecules that allow functional interference in
profiles by folding into sophisticated shapes and by position- biological systems. The main quality of aptamers might be
ing divalent metal ions, allowing it to bind, in principle, to  their flexible applicability. The nucleic acid nature of
almost any desired molecule independent of its overall aptamers allows their synthetic access and, hence, their
charge. convenient and versatile modification with functional groups.

In sitro selected aptamers raised against nucleotide co-!N this sense, they should be considered to be “chemicals”
factors such as ATP revealed a strict prevalence for the "ather than “biologicals™. Aptamers can therefore be em-

nucleotide moiety of the molecules and showed no binding Ployed for various applications ranging from diagnostic to
dependence on phosphate groé&%Indeed, targeting the therapeutic assay formats. Although the first therapeutic

phosphate group seems to be very challenging and hard tAptamers are currently emerging, a potential shortcoming that

obtain byin sitro selectior?® Nevertheless, a recent example narrows their therapeutic utility to targets on the cell surface

demonstrates that sitro selection experiments can actually 2" secreted proteins lies perhaps in their nucleic acid nature.
be driven in a wa Uthat favors tri hc?s hate over nucleotiﬁe The fact that aptamers are intrinsically negatively charged

o y 4 n e IPhOSP and thus will not easily cross cellular membranes makes it
binding of RNA aptamer&?* Affinity measurements of the

| bindi led a discriminat difficult to imagine that they will find equally broad
resultant ATP binding aptamer revealed a discrimination e raneytic application for intracellular target proteins.

factor of 64 over ADP and 1100 over AMP, respectively owever, recent developments in the aptamer technology
(Figure 23). This result demonstrates that sophisticated frther underline the feasibility of aptamers to streamline
selection protocols can be applied to gain novel artificial the drug discovery process. It is possible to transfer the
aptamers with enhanced specificities and affinities in com- fynctional properties of aptamers to small molecules with
bination with alternative binding modes. The modular inherited propertie®135 3533615055060 addition, a wide
topology of riboswitches, bearing a highly conserved and range of delivery systems have been developed to facilitate
structured aptamer domain in combination with an expressionintracellular delivery of therapeutic nucleic acids in gen&¥at?
platform for mediating gene regulatory effects, consequently many of which will likely also work for aptamers.

leads to the desire for developing novel engineered ribo- It is interesting to note that, for virtually all mechanisms
switches on the basis af vitro selected RNA aptamers. currently known to be harnessed by natural riboswitches to
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control gene expression, an original precedent of analogous (17) Mallikaratchy, P.; Stahelin, R. V.; Cao, Z.; Cho, W.; Tan, @hem.

e - ; Commun 2006 3229.
artificial systems that were constructed in the laboratory can (18) Drabovich, A. P.- Berezovski, M.: Okhonin, V.: Krylov, S. Nnal.

be quoted:in vitro selected aptamers that affect translation Chem.2006 78, 3171.
of reporter genes in ceff§ preceded the discovery of similar-  (19) Mosing, R. K.; Mendonsa, S. D.; Bowser, M.Anal. Chem2005
acting natural riboswitche? Engineered allosteric ribo- 77, 6107.

f (20) Berezovski, M.; Musheev, M.; Drabovich, A.; Krylov, S. ll.Am.
zymes regulated by small organic molecules antedated the Chem. S0c2006 128 1410.

recent discovery of the first catalytic riboswitch regulated (21) Berezovski, M.; Drabovich, A.; Krylova, S. M.; Musheev, M.;
by glucosamine-6-phosphate. For decades, scientists have  Okhonin, V.; Petrov, A; Krylov, S. NJ. Am. Chem. So©005

i i i ; 127, 3165.
been guided in the construction of synthetic model systems (22) Mendonsa, S. .. Bowser, M. Rnal. Chem2004 76, 5387.

that mimic functional prin_ciples applied by the corresponding (23) Eaton, B. E.; Gold, L.; Hicke, B. J.; Janiic, N.; Jucker, F. M.; Sebesta,
archetypes of nature. It is rewarding to see that, in the case D. P.; Tarasow, T. M.; Willis, M. C.; Zichi, D. ABioorg. Med.
of riboswitches, engineering of functional nucleic acid Chem.1997 5, 1087.

; : : (24) Green, L. S.; Jellinek, D.; Bell, C.; Beebe, L. A.; Feistner, B. D.;
molecules inspired the search for and discovery of closely Gill. 5. C.: Jucker, F. M.: Janjic, NChem. Biol 1995 2, 683,

related natural counterparts. _ (25) Hicke, B. J.; Marion, C.; Chang, Y. F.; Gould, T.; Lynott, C. K;

In recent years, aptamers have particularly proven useful ZSagTj, D.; Schmidt, P. G.; Warren, &. Biol. Chem.2001, 276,
in bioanalytical applications. Methods of chemically modify- ;¢\ "c ok M- Mayer. G.: Blind, Mace. Chem. Re200Q 33, 591.
ing aptamers have advanced in multifaceted fashion to over- (57) Famulok, M.; Verma, STrends Biotechnol2002 20, 462.
come the shortcoming of their inherent instability or to dec- (28) Tuerk, C.; Gold, LSciencel99Q 249, 505.
orate them with additional functionality. Because aptamers ggg Etltlgl%f;téﬁ{e?:é: rﬁéostt:ké SJ-e \é\’\}atufe 1990 346, 818.

. . .utexas.edau/.

can be selected fOI’ almost ar_]y target and becaus“e of the(31) Padmanabhan, K.; Padmanabhan, K. P.; Ferrara, J. D.; Sadler, J. E.;
endless opportunities to chemically couple them to “detec- Tulinsky, A. J. Biol. Chem1993 268 17651.
tors”, there are infinite approaches in which aptamers could (32) Jaeger, J.; Restle, T.; Steitz, T. BMBO J.199§ 17, 4535.

it indi ; i (33) Huang, D. B.; Vu, D.; Cassiday, L. A.; Zimmerman, J. M.; Maher,
become a very useful addition to the biodiagnostics toolkit. L 3. il Ghosh, GProc. Natl. Acad. Sai. U.S /2003 100 6268,

Taken together, aptamers represent versatile tools for the (34) kettenberger, H.; Eiseitin, A.; Brueckner, F.; Theis, M.; Famulok,

functional characterization of biomolecules, their detection, M.; Cramer, PNat. Struct. Mol. Biol 2006 13, 44.
therapeutic intervention, and the development of small (35) 7320%5-?“‘“‘“3' S.; Wassarman, K. Mnnu. Re. Biochem2003

molecules that serve as pharmaceutical lead compounds.(%) Allen, T. A.: Von Kaenel, S.: Goodrich, J. A.; Kugel, J.Nat. Struct.
Aptamers are now established as key players on these stages, ~ Mol. Biol. 2004 11, 816.
and it can be expected that they will continue to open up (37) Espinoza, C. A;; Allen, T. A.; Hieb, A. R.; Kugel, J. F.; Goodrich,

i ihiliti i J. A. Nat. Struct. Mol. Biol.2004 11, 822.
entlrely new pOSSIbIIItIeS in the future. (38) Thomas, M.; Chedin, S.; Carles, C.; Riva, M.; Famulok, M.; Sentenac,
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