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INTRODUCTION, 549
have been employed in an impressive variety
OUTLINE OF PROCEDURE, 550
of applications. Commonly, ribozymes with
Ribozymes as reporters, 550
phosphodiester cleavage activity have been
Construction
of switching ribozymes, 550
used to control gene expression by targeting
messenger RNAs (Vaish et al. 1998). More
PROTOCOL, 556
recently, novel ribozyme-based applications
Generating protein-dependent ribozymes as
have been developed, such as the identificareporters of protein-protein
tion of gene function (Kawasaki and Taira
interactions, 556
2001; Takagi et al. 2002), the construction of
Stage 1: Aptamer selection, 556
molecular logic gates (Stojanovic and
Stage 2: Design of potential aptazymes, 557
Stefanovic 2003), and the engineering of
Stage 3: Synthesis of potential aptazymes, 557
biosensors for the detection of target moleStage 4: Characterizing ribozyme
cules (Seetharaman et al. 2001; Breaker
sequences, 557
2002). Further work on biosensors resulted
Stage 5: Screening and evaluation, 558
in the development of ribozymes capable of
SUMMARY, 559
detecting interactions between proteins and
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other biomolecules, suitable for highthroughput analysis. These assays are based
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on ribozymes that change their catalytic
activity in the presence of the target protein.
If the protein-bound ribozyme is incubated with an interaction partner of the protein, the ribozyme is
displaced and undergoes a change of catalytic activity (see Fig. 2). The induced difference in ribozyme
activity can be detected easily by monitoring the ribozyme-catalyzed cleavage reaction of fluorescently
labeled ribozyme substrates (Jenne et al. 1999,2001). In this chapter, different strategies for the rational design and construction of protein-dependent ribozymes, capable of detecting protein interactions,
are discussed. The method introduced here can be used to identify interactions of the target protein, not
only with proteins, but also with other classes of molecules, such as nucleic acids, and smaller molecules. The use of aptazymes to detect protein interactions with small molecules has been exploited in
drug screening approaches (Hartig et al. 2002).
The use of nucleic acids as reporters of biomolecules and their interactions has distinct advantages
over other technologies. The ability to predict secondary and tertiary structures of nucleic acids
through simple rules, such as Watson-Crick base-pairing, allows facile and programmable assembly of
functional macromolecules with desired properties. Oligonucleotide biosensors also benefit from the
wide range of well-established methods for the synthesis and manipulation of nucleic acids.
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Ribozymes as Reporters
The approach described in this chapter exploits protein-regulated ribozymes for the identification of
protein interactions. The best-characterized and most commonly used catalytic RNA is the hammerhead ribozyme (Fig. lA). This molecule has relatively few requirements for catalytic activity: its catalytic core, which comprises relatively few conserved nucleotides; its three flanking variable helices, termed
stems I, II, and III (Fig. lA); and the presence of divalent metal ions. For a detailed discussion of hammerhead ribozyme kinetics, see Hertel et al. (1998) and Stage-Zimmermann and Uhlenbeck (1998).
Although the majority of naturally occurring ribozymes catalyze a self-cleavage reaction (Tang and
Breaker 2000), most can be engineered to catalyze intermolecular cleavage reactions (in trans),
enabling multiple turnovers of the RNA substrate. In the case of the hammerhead ribozyme, in trans
cleavage is achieved by deleting the terminal loop of one of the stems (Fig. 1B, generated by deletion
of stem III loop in Fig. lA).
An advantage of in trans cleavage capability is that it allows a pair of fluorescent reporter dyes to
be attached to the RNA substrate. In this system, the fluorescence of one reporter dye in the intact RNA
substrate is quenched by fluorescence resonance energy transfer (FRET) to the second dye (Fig. IB,
left). The spatial separation of these dyes that occurs upon cleavage of the RNA removes the quenching effect of the second dye. Fluorescence emanating from the first dye can be monitored directly and
used as a rapid and reliable indicator of cleavage (see also Jenne et al. 1999,2001). Such double-Iabeled
RNA can be synthesized by solid-phase phosphoramidite chemistry and is commercially available.
Moreover, multiple rounds of turnover of the substrate results in signal amplification (Hartig et al.
2004), which is helpful when investigating low-affinity interactions or samples with low concentrations of the molecules of interest. A single interaction can trigger the catalytic activity of one ribozyme
molecule, which then goes on to cleave multiple substrates, thereby generating a detectable signal.

Construction of Switching Ribozymes
Ribozymes that change their catalytic activity in the presence of a target protein can be used to
for interaction partners of the protein (Fig. 2). To generate ribozymes that switch cleavage
aptamers, or naturally occurring protein-binding RNA sequences, are connected to the y,h.,-,,,,,rrn
resulting in a so-called aptazyme (fusion of aptamer and ribozyme). Aptamers are nucleic acid
generated by in vitro selection techniques that bind proteins or other molecules with high affinity
specificity. Aptamers for a huge variety of target molecules can be generated using in vitro
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FIGURE 1. The hammerhead ribozyme. (A) Secondary structure and essential sequences. The ribozym e
intramolecular cleavage (in cis). The arrow indicates the cleavage site. N = any nucleotide; N' = any n
complementary to N; H = any nucleotide except G; R = purine nucleotide; Y = pyrimidine nucleotide
mentary to R. (8) Schematic representation of an in trans (intermolecular) cleaving ribozyme. The RNA
(lower strand) is labeled with two dyes to enable readout of cleavage activity via fluorescence measurement.
fluorescent dye; Q = fluorescence quencher. If the substrate is intact, no fluorescence is observed due to
imity of the quencher (left). After cleavage has occurred, products dissociate from the ribozyme, and
can be detected (right).
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FIGURE 2. Ribozymes for detection of protein interactions. (A) Inhibited ribozymes. A catalytically active
ribozyme is switched off by the target protein (yellow) via interaction with a protein-binding RNA domain (blue).
The complex of protein-responsive ribozyme and the target protein (middle) represents a sensor for interaction
partners of the protein. Upon addition of a protein binder (red), which competes for binding with the ribozyme,
the latter is set free and catalytic activity is switched on. (8) Induced ribozymes. Opposite catalytic activities are
obtained by using a ribozyme that is catalytically inactive and is induced by the cognate protein. The first approach
has the advantage of a positive readout if the experiment aims for identification of an interaction partner of the
target protein. The second setup is preferred if detection of the target protein alone is desired, because a signal is
generated upon presence of the target protein.
'

protocols known as SELEX (systematic evolution of ligands by exponential enrichment; see Joyce 1994;
Klug and Famulok 1994). In this procedure, nucleic acid ligands (DNA, RNA, or modified nucleic
acids) that bind to the target protein are isolated by an iterative protocol based on affinity capture and
subsequent amplification of the desired molecules. Recently, Ellington and coworkers developed a fully
automated procedure of aptamer selection (Cox and Ellington 2001). In a further development, the
group even facilitated automation of in vitro transcription and translation of the desired target protein needed for the SELEX procedure (Cox et al. 2002). The SELEX procedure is discussed in more
detail in the protocol.
There are three distinct strategies for the construction of a protein-regulated aptazyme: direct
selection, starting from partly randomized ribozyme pools; selection of the connection site that links
a preexisting aptamer and a ribozyme; and rational design of aptazymes, lacking the selection step.

Direct Selection
Aptazymes can be selected directly from pools of hammerhead ribozymes containing randomized
regions of helix II (Fig. 3A). This approach was used to select aptazymes that respond to small molecules such as cAMP and cGMP, theophylline, doxycycline and pefloxacine (Koizumi et al. 1999;
Soukup and Breaker 1999; Piganeau et al. 2001a,b; Breaker 2002). Direct selection often yields
aptazymes that undergo radical changes in catalytic activity upon binding to their effector molecule.
However, this technique is still a complex and relatively time-consuming procedure, and if the
aptazyme is to be used merely as a screening tool, such pronounced changes in catalytic activity are
probably not required. In fact, the direct selection of an RNA enzyme responding to a protein has not
yet been demonstrated, even though the general procedure should be well suited for this purpose.
Therefore, this approach, although promising, remains hypothetical.
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Selection of Connection Site
An alternative method for the construction of protein-regulated ribozymes involves the fusion of an
existing aptamer to a ribozyme, followed by in vitro selection of the connection site between aptamer
and ribozyme in order to achieve a pronounced change of catalytic activity upon effector binding (Fig.
3B). This approach, also first demonstrated by Breaker and coworkers, identified hammerhead
ribozymes that respond to tlavinmononucleotide (FMN) (Soukup and Breaker 1999). Selected bridging sequences, also called communication modules, help to optimize the connection between the binding event at the aptamer site and the change in ribozyme activity. By employing different selection
strategies, modules for inhibition, as well as induction, of cleavage activity were obtained. Some of the
communication modules originally selected for FMN-responsive ribozymes could also be used to
transmit binding interactions between ATP, or theophylline, and the respective aptamer sequences to
the ribozyme domain. Recently, even more generalized communication modules were introduced
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FIGURE 3. Ribozymes for detection of protein interactions. Different strategies for the generation of proteinresponsive ribozymes. Aptamer sequences are indicated in blue. (A) Aptazymes can be selected from pools of
ribozymes with randomized domains (red). (B) Fusion of a ribozyme and an existing aptamer can be optimized by
selecting so-called communication modules from randomized connection sites. (C) Aptazymes generated by fusion
of an aptamer to a ribozyme. The fused aptamer sequence prevents binding of the ribozyme to its substrate.
Addition of the target protein results in restoration of the substrate-binding site and enables cleavage activity. (D)
In a similar design, the substrate-binding site (red) is changed so it can hybridize with an aptamer sequence fused
to helix 11 of the ribozyme. Again, addition of the protein induces folding of the aptamer and releases the substrate
stem of the ribozyme, switching on catalytic activity. (E) In a different approach, aptamers that undergo structural
changes upon addition of the protein are fused to the hammerhead ribozyme to build helix 11. In this example,
protein binding induces a pseudo-knotted structure of the aptamer, thereby disrupting the formation of the catalytic core. (F) This approach differs Significantly from the others because a sequence complementary to the
aptamer, instead of the aptamer itself, is introduced into the ribozyme. Addition of the free aptamer results in its
hybridization to the altered ribozyme, thus disrupting the ribozyme structure and causing inhibition of cleavage
activity. If the cognate protein is added, the aptamer dissociates from the ribozyme to complex its target, restoring
catalytiC activity.
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(Kertsburg and Soukup 2002). The technique could prove very useful for optimization of the switching properties of ribozymes generated by rational design (see below). Using selection of communication modules, impressive changes (>3000-fold) of catalytic activity have been reported for ribozymes
controlled by small molecules (Soukup et al. 2000).
Rational Design

The third and most straightforward strategy to construct an aptazyme employs modular rational
design of the desired molecules without the use of in vitro selection. This technique is made possible
by the often predictable and easily programmable structural features of nucleic acids, based on simple
rules, such as Watson-Crick base-pairing. A variety of aptazymes have been constructed by simply fusing an existing aptamer to a ribozyme using rational design. Conjugation of the aptamer to the
ribozyme can be carried out in a variety of ways to generate a switch that senses the presence of the
target protein. A strategy that has been used repeatedly is to link the aptamer with a ribozyme sequence
in a way that the aptamer hybridizes to the substrate recognition site of the ribozyme (Fig. 3C). To
facilitate the intramolecular interaction of the ribozyme's substrate-binding site with the aptamer
sequ~nce, the sequences of the substrate-binding site of the ribozyme, and also the substrate itself, can
be altered. The hammerhead ribozyme requires a substrate with the conserved sequence UH, where H
is any nucleobase but G (Fig. lA). In addition, the cleavage site must be flanked by sequences that allow
hybridization to the ribozyme so that the helical stem structures I and III are formed.

Example: Detection of HIV Rev and Rev-binding Antibiotics

As an example of a targeted ribozyme, an aptamer sequence for the human immunodeficiency virus
type 1 (HIV-l) Rev protein was attached to the 5' end of a hammerhead ribozyme (Hartig et al. 2002).
In the absence of Rev protein, the aptamer sequence hybridizes to the 5' end of the ribozyme, thereby
blocking substrate binding and hence cleavage activity (Fig. 3C). Upon addition of HIV-l Rev, the
attached aptamer sequence changes its conformation in order to bind the protein. This allows the substrate access to the 5' end of the ribozyme, thereby facilitating its cleavage. In a second design, the naturally occurring HIV-l Rev-binding RNA sequence (Rev-binding element, RBE) was attached to the
ribozyme in place of helix II (Hartig et al. 2002). Upon addition of Rev protein, this ribozyme was
switched off, displaying catalytic behavior opposite to that of the first Rev-responsive ribozyme. These
ribozymes were subsequently used to screen a structurally diverse library of antibiotics for Rev-binding activity. This experiment demonstrated the suitability of aptazymes fot high-throughput assays
and identified the first small molecules that bind directly to HIV-l Rev. One of the antibiotics identified was then shown to inhibit replication of HIV-l in cell culture (Hartig et al. 2002).

Example: Detection of the Mitogen-activated Protein Kinase, ERK

A slightly different design was used to generate ribozymes that are switched on by ERK (Vaish et al.
2002). In this example, the substrate recognition site of the hammerhead ribozyme was modified to
hybridize to the kinase-specific aptamer, which constituted helix II of the ribozyme (Fig. 3D). Upon
addition of ERK, the aptamer binds to the protein, thereby releasing the substrate-binding site and
inducing cleavage activity. In this study, aptazymes that are capable of discriminating between phosphorylated and nonphosphorylated ERK were created by using aptamers specific for each of the
respective phosphorylation states. Although the aptazymes were used to detect the target protein at
concentrations as low as 2 nM, they have not yet been used to identify interaction partners of ERK.

Example: Detection of HIV-RT Interaction Partners

Another strategy for constructing protein-responsive ribozymes makes use of aptamers that undergo
dramatic reorganization upon binding of the protein. For example, an aptazyme controlled by the
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reverse transcriptase (RT) of HIV-1 was constructed by employing an aptamer that folds into a
pseudoknot structure when complexed with the protein (Tuerk et al. 1992; Jaeger et al. 1998; Kensch
et al. 2000). As shown in Figure 3E, the aptamer was inserted into stem II of the hammerhead
ribozyme, resulting in a fusion construct, FK-1, with competing folds of the ribozyme and the aptamer
pseudoknotted structure (Hartig and Famulok 2002). The simultaneous folding of both domains is
impossible in this design. In the absence of HIV-1 RT, the inserted aptamer sequence folds into a hairpin loop structure (Fig. 3E, left), forming stem II of the catalytically active ribozyme. In the presence
of HIV-1 RT, the pseudoknotted fold of the aptamer is induced, disrupting stem II, and thus inhibiting catalytic activity of ribozyme FK-l. The aptazyme is extremely sensitive, detecting protein concentrations as low as 1 nM, and with a half-maximum inhibition of cleavage activity occurring at 10 nM
HIV-l RT. In addition, ribozyme activity was not affected by the presence of the homologous reverse
transcriptase of HIV-2, thus demonstrating its high specificity.
Further studies with the aptazyme FK -1 serve to demonstrate how rational design may be used to
fine-tune nucleic acid function. To characterize the equilibrium between the ribozyme conformation
and the folding of the pseudoknotted aptamer, two variants of FK-1 were generated, one with a weakened and one with a stabilized stem II structure. Deletion of a single GC base pair yielded a construct
with a destabilized stem II, which showed no cleavage activity in the absence of protein. In contrast,
insertion of an additional GC base pair stabilizes stem n. This mutant is catalytically active, with the
cleavage activity being unaffected by the presence of HIV-l RT. Owing to the increased stability of stem
II, the protein is no longer able to induce folding of the pseudoknot. The characterization of aptazyme
variants demonstrates the possibilities for fine-tuning cleavage activity by introducing minor alterations into the ribozyme design.
Interaction partners of HIV-l RT were detected using the aptazyme FK-l. A complex of doublestranded DNA, which competes with the aptazyme for binding of HIV-l RT, was detected in a concentration-dependent manner. Interestingly, an RT inhibitor that also binds to the protein, but at a different site from the aptazyme, could not be detected, suggesting a domain-specific mode of detection
(Hartig and Famulok 2002).

Example: Detection of a-Thrombin Interaction Partners
A novel design was used to generate ribozymes that detect human a-thrombin and interaction partners (Hartig et al. 2002). The approaches discussed so far are most suitable for generating aptamers
composed of natural RNA. Modified RNA or DNA aptamers are difficult to employ in such strategies
because they cannot be introduced by standard in vitro transcription. Although it is possible to make
aptazymes by employing solid-phase synthesis of the desired hybrid oligonucleotides, in vitro transcription of aptazymes is more convenient, especially if the sequences exceed 30-40 nucleotides in
length. The strategy introduced in Figure 3F allows the use of aptazymes composed entirely of nucleic acids other than natural RNA. To generate an aptazyme specific for human a-thrombin, the RNA
sequence complementary to the DNA aptamer was incorporated into helix II of the hammerhead
ribozyme (Fig. 3F). The ribozyme itself shows cleavage activity but, upon addition of the DNA
aptamer, hybridization disrupts the catalytically active conformation and thus switches the ribozyme
off. Cleavage activity can be restored by addition of a-thrombin, which results in the release of the
aptazyme and formation of a thrombin:aptamer complex (Fig. 3F, right). Reactivation of the ribozyme
proved to be highly specific to human a-thrombin; a variety of related clotting factors, and less closely related proteins, were unable to restore cleavage activity.
This system was used to detect the interaction between a-thrombin and the naturally occurring
inhibitor protein, hirudin, from the leech Hirudo medicinales (Fig. 4). Importantly, the interaction
between thrombin and antithrombin Ill, a protein that also binds to thrombin but at a different binding site from both hirudin and the DNA aptamer, was not detected using this approach. This result
again shows that detection is likely based on competition of binding and therefore occurs in a domainspecific fashion. In addition, interactions between thrombin and peptides composed of variants of the
carboxy-terminal fragment of hirudin were examined (Hartig et al. 2002). In the naturally occurring
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FIGURE 4. A reporter ribozyme for human a-thrombin. The ribozyme was designed as shown in Fig. 3F (for
details, see Hartig et al. 2002). (A) Reporter ribozyme, AHP-Thr, specifically reports the interaction of the antithrombin aptamer with the exosite-1 of a-thrombin. Among a set of 13 proteins, only a-thrombin significantly
activated the aptamer-inhibited AHP-Thr (row 3). Importantly, none of the 12 control proteins affected the activity of the ribozyme in the absence of the aptamer (lane AHP-Thr I aptamer: +1-). 1 = Human y-thrombin; 2 =
NFKB p52; 3 = human a-thrombin; 4 = Factor Xa; 5 = BcI-3, a member of the IKB protein family; 6 = cytohesin-1, a cytoplasmic regulatory protein with guanine nucleotide exchange factor function; 7 = Rev-protein of
HIV-1; 8 = bovine serum albumin; 9 = papain; 70 = hen eggwhite lysozyme; 71 = ADH, alcohol dehydrogenase; 12 = hirudin; 13 = antithrombin. (8) Protein-protein interactions of a-thrombin and hirudin can be detected in a domain-specific fashion with AHP-Thr. 1 = Ribozyme alone (50 nM); 2 = ribozyme/thrombin aptamer
(1:1), equimolar amounts of aptamer resulted in complete inhibition of AHP-Thr; 3 = ribozyme/anti-thrombin
aptamer/y-thrombin (1:1 :20). y-Thrombin lacking exosite 1 of thrombin was unable to decoy the aptamer from
the ribozyme. 4 = Ribozyme/anti-thrombin aptamer/a-thrombin (1:1 :20). 60% of AHP-Thr activity was restored.
5-9: Ribozyme/anti-thrombin aptamer/a-thrombin (1:1 :20), supplemented with increasing concentrations of
hirudin (1-20 )J.M). With increasing concentrations, hirudin competed more successfully with 'the aptamer for
binding to exosite 1 of a-thrombin, resulting in aptamer release and inhibition of ribozymes. (Hirudin alone has
no influence on ribozyme activity, as shown in Fig. 4A, lane 12.) 70 == Ribozyme/anti-thrombin aptamer/a-thrombin (1:1 :20), supplemented with 20 )J.M exosite-2-specific antithrombin III (ATII!). ATIII binding to exosite 2 of athrombin showed no effect on cleavage activity.

hirudin, Tyr-63 is modified with a sulfate moiety, which results in increased binding affinity. Using the
thrombin-responsive ribozyme, it was possible to discriminate between the sulfated and nonsulfated
versions of hirudin, demonstrating that reporter ribozymes are sensitive enough to distinguish even
small differences in binding affinity between proteins and their interaction partners.
Recently, a similar approach has been used to generate hairpin ribozymes that are switched by tryptophan-activated trp-RNA-binding attenuation protein (TRAP), allowing the detection of TRAP as
well as its interactions with L-tryptophan (Najafi-Shoushtari et al. 2004).

Generating Protein-dependent Ribozymes as Reporters of Protein-Protein
Interactions

Stage 1 : Aptamer Selection
To construct protein-responsive ribozymes, a nucleic acid sequence that binds to the target protein
must be utilized. The origin of this sequence might be a natural source, as discussed above in the case
of the ribozyme inhibited by the presence of HIV Rev. In this case, a sequence (the Rev-binding element) that specifically binds to an arginine-rich domain of the Rev protein was adapted from the RNA
genome of HIV in order to render the ribozyme Rev-dependent (Hartig et al. 2002). If a naturally
occurring nucleic acid is not available for the protein of interest, then SELEX, the in vitro selection
protocol mentioned earlier, can be used to generate protein-binding oligonucleotides.
The SELEX procedure comprises the following key steps: First, the target protein is immobilized
on a solid support, such as an affinity column matrix. Then, the solid support is incubated with a pool
of nucleic acids that typically comprises 10 14_10 15 individual randomly generated sequences. Unbound
oligonucleotides are removed by a washing step. Sequences bound to the target protein are then eluted and subsequently amplified using the polymerase chain reaction (PCR), for DNA selection, or
reverse transcriptase-PCR (RT-PCR), for RNA selection. The selection procedure is then repeated
using the PCR product in an iterative manner, reintroducing the enriched pool of protein binders to
another round of selection. Alternatively, the protein/oligonucleotide incubation step can be carried
out in solution. Nucleic acid sequences bound to the protein are selected by passing the solution
through a filter membrane that retains the protein (e.g., nitrocellulose). Oligonucleotides that bind to
the protein are also retained. The oligonucleotides are then eluted and amplified, as described previously, and the selection cycle is repeated. Typically, after 10-15 rounds of selection, sequences with

An aptamer sequence specific for the target protein
can be generated by in vitro selection techniques.
Alternatively, a protein-binding nucleic acid from a
natural source can be chosen.
By fusing aptamer and ribozyme sequences, a set of
potential protein-responsive ribozymes is generated
and secondary structure is investigated uSirig folding
algorithms.
Ribozyme synthesis is facilitated by in vitro
transcription of corresponding dsDNA templates. The
ribozyme substrate can be synthesized by solid phase
phosphoramidite chemistry.
By performing ribozyme reactions in the presence and
absence of the target protein, a protein-responsive
sequence can be identified.
Utilizing a protein-responsive ribozyme, interaction
partners of the target protein can be identified in a
highly parallel fashion USing a multi-well plate
fluorescence reader.

FIGURE 5. Summary of the procedure for the generation of protein-responsive ribozymes and their application
for detection of protein interactions.

556

557
high affinity for the target protein have accumulated sufficiently. To identify the sequences, doublestranded PCR products of the enriched pool are cloned and sequenced. A detailed discussion of
aptamer selections can be found in the literature (Joyce 1994; Klug and Famulok 1994; Sun 2000).
Customized aptamer selections are offered by some companies (e.g., NascaCeIl IP GmbH, Munich,
Germany [www.nascaceII.coml; distributor for Japan: Amersham Biosciences K.K, Tokyo; RiNA
GmbH, Berlin, Germany [www.rna-network.comJ).

Stage 2: Design of Potential Aptazymes
If an aptamer sequence, specific for the protein of interest, is successfully selected, then fusion constructs of aptamer and ribozyme sequences can be designed. The fusion sequences should be carefully examined for the desired secondary structures using mfold or similar algorithms prior to synthesis
(Zuker 2003). Secondary structure predictions of aptazymes represent a powerful tool for the prediction of catalytic behavior in a designed sequence. Although these algorithms do not take into account
binding energies resulting from protein interactions or possible tertiary structure motifs, they often
enable reliable prediction of the cleavage activity of the ribozyme alone. For example, to generate a
ribozyme that possesses catalytic activity, the secondary structure of the catalytic core, shown in Figure
lA, should be among the lowest-energy folding predictions generated by mfold or other algorithms.
Although the aptazyme is designed to function as an in trans cleaving ribozyme, the substrate and
ribozyme strand should be connected via a short loop (e.g., a GNRA tetraloop, with N == any
nucleotide; R == G or A), as shown in Figure lA, in order to calculate the lowest-energy fold.

Stage 3: Synthesis of Potential Aptazymes
After possible candidates for the desired aptazyme have been identified, the RNA sequences must be
synthesized and subsequently tested for cleavage activity. The best way to generate ribozymes that are
larger than 30-35 nucleotides is via in vitro transcription of a double-stranded DNA template. Large
quantities of the template can be obtained by PCR amplification of the corresponding DNA sequence,
using sequence-specific primers that incorporate a T7 promoter. The ribozyme itself is purified from
the subsequent in vitro transcription reaction by standard denaturing polyacrylamide gel electrophoresis (PAGE). Details of methods for these techniques can be found in Sambrook and Russell (2001).
For ribozyme sequences shorter than 35 nucleotides, transcription yields tend to be low, and the
best approach is to synthesize the sequences using solid-phase phosphoramidite chemistry
(Beaucage et al. 2003a). This technique also allows the synthesis of the RNA substrate modified with
the reporter dyes, which subsequently enable fluorescence readout of the cleavage reaction
(Beaucage et al. 2003b). Many companies offer customized synthesis of modified or natural RNA
(see http://www.glenres.com/ExtraPages/oligohouses.html) .

Stage 4: Characterizing Ribozyme Sequences
Ribozyme characterization reactions can be performed in multiwell plate fluorescence readers, using
96-well or 384-well plates, in volumes as low as 10 III (see Hartig et al. 2004). Ribozyme catalysis is effective under a wide range of conditions and will tolerate variations in buffer composition, temperature,
and salt concentrations. Note, however, that hammerhead ribozymes require divalent cations for catalysis. The optimal ratio of ribozyme to substrate will vary with the catalytic fitness of the ribozyme, but
ribozyme concentrations ranging from 5 nM to 100 nM with substrate concentrations between 200 nM
and 1000 nM are a good starting point. The ribozyme reaction is initiated by adding MgCl 2 or equivalent divalent metal ions. The reactions can be performed in a highly parallel fashion (e.g., on 96- or 384well plates) by simultaneously adding MgCl 2 to all reaction wells via an automated dispensing device,
to synchronize reaction initiation (most fluorescent readers can be obtained with integrated dispensers).
The concentration of Mg2+ required for optimum cleavage activity may be altered by addition of
aptamer sequences. For unmodified hammerhead ribozymes, 10 mM MgCl2 is usually appropriate.
During the course of the reaction, fluorescence is measured as a function of time. Especially if the
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ribozyme reaction seems to be relatively slow, data acquisition should be carried out at reasonable intervals, e.g., 1-2 min. Excessive excitation of the fluorescent markers may result in bleaching of the dyes.
As an alternative to FRET analysis, ribozyme catalysis can be monitored by assessing cleavage of
radioactively labeled RNA substrates. Aliquots are removed at certain time points during the reaction
and are quenched in formamide loading buffer. Cleavage products are separated from the uncleaved
, substrate by PAGE and subsequently analyzed by autoradiography. The fraction of cleaved substrate is
divided by the sum of cleaved and intact substrate and plotted versus the time, yielding a time course
of the cleavage reaction. To test whether the new ribozyme sequences respond to the chosen target protein, cleavage reactions are carried out in the presence and absence of the target protein.
If the ribozymes identified show radical changes in catalytic activity in the presence/absence of target protein, their specificity should be tested by exposing them to both related and unrelated proteins.
The identification of a ribozyme sequence that is unaffected by the presence of the target protein is not
without its uses. Such unregulated ribozymes can be used in control reactions during the final screening experiment, as described in Stage 5 below.
Prior to performing the ribozyme reactions, the reporter ribozyme, RNA substrate, and target protein should be prei~cubated for an appropriate time to allow formation of the desired complexes. The
order of addition of the components usually has little influence on the resulting ribozyme activity,
although one might compare different orders of addition, as well as a range of incubation times, in
order to optimize the reaction. Mg2+ dependency can be characterized by measuring cleavage activity
at varying Mg2+ concentrations in the presence and absence of the target protein.
Typical starting reaction conditions are as follows:
Final volume, 50 III (start cleavage reaction by adding MgCl2 <!> to 10 mM final
concentration)
Buffer and monovalent cations, as required
Ribozyme, 50 nM
Substrate, 500 nM
Titrate target protein (lOO nM-lO IlM).

Stage 5: Screening and Evaluation
Once a ribozyme has been shown to respond to the chosen target protein, a screening experiment for
interaction partners of the target protein can be carried out. This should be performed in a multiwell
plate format and should include duplicate standard reactions of the ribozyme alone, as well as of
ribozyme with target protein. Ribozyme-only reactions are used to normalize the data obtained from
samples of potential interaction partners.
Two independent reactions should be carried out for each sample being tested: one containing the
reporter ribozyme and the target protein, and one containing target protein and a ribozyme that is not
regulated by the protein. The latter reaction serves as a control to identify samples that influence
ribozyme activity by interacting directly with the ribozyme, and not with the target protein. When this
control is facto red in, all influences affecting solely the ribozyme activity can be excluded. The control
target-insensitive ribozyme chosen should be similar to the reporter ribozyme. Variants containing
scrambled sequences or mutations in the aptamer part of the aptazyme generally work well for this purpose, since such changes usually prevent interactions with the target protein. If such a mutant is not easily found, an unmodified ribozyme as shown in Figure lA may serve as control (see also Hertel et al.
1994; Stage-Zimmermann and Uhlenbeck 1998). Alternatively, reactions can be performed in the
absence and presence of target protein.
If the samples are contaminated with strong nuclease activity, a control reaction for each sample,
containing only the RNA substrate, should be included. Ribonuclease activity results in digestion of the
RNA substrate, which could be misinterpreted as cleavage activity originating from the ribozyme.
Therefore, correction of data from cleavage reactions containing the reporter ribozyme is performed
by subtracting the "substrate only" control. Nevertheless, strong ribonuclease contamination in the
samples to be tested should be avoided, since the described correction can only roughly correct for
strong nuclease activity.
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Evaluation of the raw ribozyme activity data can be carried out as described by the following equation:
A reporter
Are[

A

reporter

analyfe

/

A standard

C01l1TO/

/

A control

analyfe

(1)

standard

where A~,!~;~ is the activity of reporter ribozyme in presence of the target protein and interacting protein, A::f.::Z::' is the activity of reporter ribozyme in presence of the target protein only,
A~~;:~l is the activity of control ribozyme in presence of the target protein and interacting protein, and
A.'::::r:!d is the activity of control ribozyme in presence of the target protein only.
The value that is finally obtained by this equation represents a relative activity that is corrected for
nonspecific influences affecting the ribozyme directly, and thus reveals true interaction partners of the
target protein. The interaction partners iden~ified by the ribozyme-based screening protocol should be
further analyzed using an alternative method for characterizing protein-protein interactions.

SUMMARY
As discussed in this chapter, protein-dependent ribozymes can be used to detect protein-protein interactions. The technique has several advantages compared to more conventional methods. First, no
labeling of the interaction partners is necessary, because an indirect readout is facilitated by switching
the catalytic activity of a reporter ribozyme. Additionally, the read out is rapid. Monitoring the initial
few minutes of the cleavage reaction is usually sufficient to obtain a reliable signal. Furthermore, a
detection reaction can be carried out over long time periods. This allows multiple substrate turnovers
to take place, resulting in signal amplification (Hartig et al. 2004). Another advantage of the fluorescent readout is that it monitors the cleavage reaction, and therefore the molecular interactions, in real
time. Finally, the reactions can be carried out in small volumes and in a highly parallel fashion using
multiweII plate fluorescence readers and are well suited for automated high-throughput screening
applications.
A possible disadvantage of this strategy is that the construction of a protein-regulated ribozyme
may be too time-consuming, especially when no aptamer sequence for the protein of interest is already
known. Reporter systems composed of RNA are also susceptible to digestion by ribonucleases,
although weak nuclease activities can be tolerated and corrected by normalization of the obtained
data.
A more ambivalent property of reporter ribozymes is their ability to detect interaction partners in
a domain-specific manner (Hartig and Famulok 2002; Hartig et aI. 2002). If the mechanism of displacement of the reporter ribozyme from the target protein is based simply on competition, and not
on other phenomena such as allosteric rearrangements of the target protein, the ribozyme approach
only identifies interaction partners that bind directly to the protein domain targeted by the ribozyme.
This feature presents the additional challenge of generating an aptazyme that targets the domain of
interest. On the other hand, domain specificity can be a true advantage, because interactions at specific sites can be monitored without interference from interaction at other sites.
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