
http://biotech.nature.com •       JULY 2002       •        VOLUME 20       •       nature biotechnology

Protein-dependent ribozymes report molecular
interactions in real time

Jörg S. Hartig1, S. Hani Najafi-Shoushtari1, Imke Grüne1, Amy Yan2, Andrew D. Ellington2, and Michael Famulok1*

Most approaches to monitoring interactions between biological macromolecules require large amounts of mate-
rial, rely upon the covalent modification of an interaction partner, or are not amenable to real-time detection.We
have developed a generalizable assay system based on interactions between proteins and reporter ribozymes.
The assay can be configured in a modular fashion to monitor the presence and concentration of a protein or of
molecules that modulate protein function. We report two applications of the assay: screening for a small mole-
cule that disrupts protein binding to its nucleic acid target and screening for protein–protein interactions. We
screened a structurally diverse library of antibiotics for small molecules that modulate the activity of HIV-1 Rev-
responsive ribozymes by binding to Rev. We identified an inhibitor that subsequently inhibited HIV-1 replication
in cells. A simple format switch allowed reliable monitoring of domain-specific interactions between the blood-
clotting factor thrombin and its protein partners. The rapid identification of interactions between proteins or of
compounds that disrupt such interactions should have substantial utility for the drug-discovery process.
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RNase P, the hammerhead, hairpin, and hepatitis-delta-virus
ribozymes, and many more10–12. Besides their general interest in
various biological systems, ribozymes with altered substrate speci-
ficity have been used for a variety of biotechnological applications,
such as the ribozyme-directed cleavage of targeted mRNA
sequences for controlling gene expression13,14 and the repair of
somatic mutations on the mRNA level15,16.

Recently, we developed a ribozyme-based detection scheme in which
an external substrate labeled with a fluorescent molecule at its 5′ end
and a fluorescence quencher at its 3′ end was cleaved, resulting in fluo-
rescence dequenching and real-time monitoring of ribozyme activity17.
Using this system, we have identified a new inhibitor of the hammer-
head ribozyme from a library of small organic molecules. Most impor-
tantly, the inhibitor was able to reduce hammerhead-ribozyme activity
in the nucleolus of transgenic yeast cells when added to the growth
medium18. Now, by rendering ribozymes protein dependent, the specif-
ic disruption of protein–nucleic acid interactions by small organic
molecules or by other proteins can also be monitored in real time.

Results and discussion
Rev-dependent reporter ribozymes. We have used a variety of strate-
gies to make the activity of the hammerhead and the hairpin
ribozyme protein dependent. In our initial design (Fig. 1), the Rev-
binding element (RBE) of HIV-1 was fused to helix II of the hammer-
head ribozyme (Fig. 1A) to generate a Rev-responsive ribozyme (R).
This strategy was similar to one Breaker et al. used to generate ham-
merhead ribozymes dependent on small organic effectors19. Addition
of the Rev protein or a peptide corresponding to the arginine-rich
motif (ARM) of Rev triggered a conformational switch in the
RBE20,21, ultimately rendering the ribozyme inactive so that a fluores-
cence resonance energy transfer (FRET)–labeled substrate remained
uncleaved. In the presence of a small molecule that competed with the
RBE for Rev binding, cleavage activity was restored (Fig. 1A).
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Most inhibitors or modulators of biological or biochemical function
are small organic molecules1. Screening compound libraries for drugs
is a long and tedious process, hampered by the lack of functional
assays for most targets2,3. Compounding these problems, a multitude
of protein targets are now arising from genome and proteome
research. Therefore, it is important to identify interaction partners for
as many biological macromolecules as possible, as this information
can lead to an understanding of biological function and to possible
therapeutic applications. Consequently, large-scale biochemical, mol-
ecular biological, or genetic approaches for experimental detection
and analysis of protein–protein interactions are being explored4–6.
Even when appropriate biochemical or functional screens are avail-
able, however, the limited capacities of high-throughput screens are
generally unable to generate enough lead or optimized compounds for
the growing number of potential targets. Moreover, few modular
assays are compatible with massively parallel screening formats;
instead, the assays themselves must be tailored to each target.
Therefore, it has become increasingly important to develop generaliz-
able functional assays that can be applied independently of the nature
or function of a target. We are interested in using ribozymes to develop
functional assays able to report molecular interactions.

Ribozymes are naturally occurring RNA sequences with catalytic
activity7. Since their discovery 20 years ago, ribozymes have been
implicated in various cellular processes that involve gene expres-
sion such as RNA splicing, RNA processing, and ribosomal 
peptide-bond formation. The vast majority of natural ribozymes
can catalyze the trans-cleavage or trans-formation of phosphodi-
ester bonds of RNA substrates8,9. For self-cleaving RNAs such as the
hammerhead and hairpin ribozymes, the products of the cleaved
substrate can dissociate from the ribozyme upon cleavage, allowing
turnover for signal amplification. Prominent examples of
ribozymes that have been extensively studied both on a structural
and mechanistic level are the group I and group II introns, the
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In the second approach, an anti-Rev-aptamer22 was fused to the 
5′ end of the hammerhead ribozyme (Fig. 1B) to generate an aptamer-
inhibited ribozyme (AIR). In the absence of Rev, the aptamer domain
hybridized to the hammerhead ribozyme to form a stem that prevented
substrate annealing and, hence, cleavage. In the presence of the cognate
protein or peptide, the aptamer instead formed a defined structure that
rendered the hammerhead ribozyme’s substrate-binding site accessible
for annealing and cleavage of the external FRET-labeled substrate.
Disruption of the aptamer–protein interaction by a small molecule
allowed the original stem structure to form, again suppressing the 
generation of a fluorescence signal.

Screening for small molecules that interact with Rev. To test
whether these assay formats were compatible with parallel screening
formats, we searched for molecules that could disrupt the
Rev–ribozyme complex. The 15–amino acid Rev ARM23–25 was
mixed with the R and AIR chimeric ribozymes shown in Figure 1A

and B, respectively. A peptide concentration of 1 µM was used in
the R reporter system, resulting in a 36-fold decrease in fluores-
cence intensity per time unit. The 250 nM peptide concentration
used in the AIR reporter system led to a 34-fold increase in 
fluorescence intensity per time unit (Fig. 1C). In general, the sto-
ichiometry of substrate cleavage can be easily related to the fluo-
rescence per minute by determining the arbitrary units (AU)
that correspond to complete cleavage of a given amount of sub-
strate. For example, in Figure 1C each reaction contained 
10 pmol of the labeled substrate. Complete cleavage generated a
fluorescence signal of 17,700 AU. Hence, the 3,600 AU/min
observed for the initial activity of the noninhibited R (Fig. 1C)
corresponds to 2.0 pmol/min of cleaved substrate.

A model library of 96 structurally and functionally diverse
antibiotics, each at a 100 µM concentration, was then screened
with each reporter system. This concentration was used because
it permits observation of even weak effects of compounds in an
initial evaluation of the library. Most of the library members
generated signals within the threshold values that had been
defined earlier18. However, three compounds were active in both
formats: coumermycin A1, nosiheptide, and patulin (data not
shown and Supplementary Fig. 1 online; Fig. 1D). Control reac-
tions with unmodified hammerhead ribozyme (HHR) not
responsive to Rev were also carried out, and the signals observed
with the two reporter ribozymes were divided by the signal
obtained with the HHR. This procedure guarded against the
identification of nonspecific effects on hammerhead cleavage
activity18. The disruption of the interaction between Rev and the
reporter ribozymes occurred in a concentration-dependent
manner, and median inhibitory concentration (IC50) values of
7–15 µM were obtained for coumermycin and patulin (Fig. 2A).
The results from both screening systems were in accord even
though the readouts were reciprocal to one another. None of the
active compounds affected the activity of the reporter ribozymes
alone. The inhibition of the RNA–protein complex formation
was independently confirmed by competition studies using a fil-
ter binding assay in which 5′-32P-labeled reporter ribozymes
complexed to Rev protein were eluted from nitrocellulose filters
in the presence of increasing concentrations of coumermycin,
patulin, or nosiheptide. Half-maximal inhibition values were of
the same order as the values obtained by measuring the kinetics
of substrate cleavage (Supplementary Fig. 2 online).

Identified compounds bind to Rev and not to RNA. To deter-
mine whether the identified compounds bound to the protein or
the RNA, we carried out surface plasmon resonance (SPR) 
studies. Flow cells were derivatized with the reporter ribozymes,
Rev peptide, or Rev protein. The active antibiotics bound to both
Rev peptide and protein but not to RNA (Fig. 2B). We deter-

mined equilibrium dissociation constants of protein–antibiotic com-
plexes by injecting increasing concentrations of antibiotics into flow
cells derivatized with the full-length Rev protein (Fig. 2C). Fitting of
the steady-state responses revealed a Kd of 5.8 µM for the
coumermycin A1–Rev complex (Fig. 2D), and of 1.3 µM for the pat-
ulin–Rev complex. No interaction was detected with representative
members of the library that were negative in the screening assay 
(Fig. 2C). Binding specificity was assayed using other RNA-binding
proteins from HIV-1, namely Tat26, which contains a semiconsensus
arginine-rich motif that is found in several proteins, including the
HIV-1 Rev protein27–29, and reverse transcriptase (HIV-1 RT). We also
used the DNA-binding protein NF-κB p52, and a protein with no
known affinity to nucleic acids, cytohesin-1 (Table 1). This analysis
revealed that coumermycin A1 binds to cytohesin-1, NF-κB, and HIV-
1 RT within an order of magnitude less tightly than to HIV-1 Rev.
Coumermycin affinity to these proteins is 50-, 25-, and 12-fold
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Figure 1. Rev-responsive and aptamer-inhibited ribozymes. (A) The Rev-
responsive ribozyme (R) complexed with 13-mer substrate (red). The Rev-
binding element (cyan) was fused to helix II of the hammerhead ribozyme. In the
presence of Rev peptide or protein, the R is inhibited and no fluorescence is
detected. Rev-binding small molecules (SM) displace the protein from its natural
RNA-binding element and restore cleavage activity. F, fluorescein label (FAM);
Q, fluorescence quencher N,N’-tetramethylrhodamine label (TAMRA). (B) In the
aptamer-inhibited ribozyme (AIR), the anti-Rev aptamer (cyan) was attached via
a penta-A-linker to the 5′ end of the hammerhead ribozyme. The aptamer
domain should hybridize to the helix I substrate-binding domain, preventing the
substrate (red) from complete annealing and cleavage. Rev induces a
conformational shift in the aptamer, enabling hybridization and cleavage of the
substrate and consequently generating a fluorescence signal. Rev-binding SM
reverses this process and suppresses the fluorescence. (C) Inactivation of R by
1 µM Rev peptide or 5 µM Rev protein and activation of AIR in the presence of
250 nM Rev peptide or 1 µM Rev protein. Black bar, ribozyme alone; gray bar,
ribozyme + Rev peptide; white bar, ribozyme + Rev protein; AU, arbitrary units.
(D) Reactivation of R and reinhibition of AIR, respectively, by 100 µM
coumermycin A1. Pale bar, ribozyme + Rev peptide + coumermycin A1; dark bar,
ribozyme + Rev protein + coumermycin A1.
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reduced, respectively, as compared with the coumermycin–Rev affin-
ity. Although Rev, among all tested proteins, clearly exhibited highest
affinity to coumermycin, the HIV-1 Tat protein showed only a four-
fold reduced affinity, indicating some degree of cross-affinity between
the two related arginine-rich motifs of Tat and Rev. In contrast to
coumermycin, patulin had the same affinity for all four nucleic
acid–binding proteins, a pattern strongly indicative of a nonspecific
binding mode. Further optimization of the assay thus must be direct-
ed toward decreasing the hit rate of nonspecific interactors.

An identified ligand inhibits HIV-1 replication. Coumermycin A1

(Fig. 3A), the identified antibiotic that showed fairly specific binding
to Rev, was then assayed for its ability to reduce HIV-1 replication in
tissue culture cells. In parallel, antibiotic cytotoxicities were measured
and compared with the cytotoxicity of the nonspecific protein inter-
actor patulin. As shown in Figure 3B, HIV-1 replication was reduced
in the presence of 5 µM coumermycin A1 without any detectable cel-
lular toxicity (Fig. 3C). In contrast, patulin exhibited a high level of
toxicity at 5 µM, as might be expected for a nonspecific protein-bind-
ing drug (Fig. 3C). At 7.5 µM coumermycin A1 the effect was even
more pronounced (Fig. 3B), but a low level of cellular toxicity was
also observed (Fig. 3D). The differences between coumermycin and
patulin with respect to specificity and toxicity illustrate the impor-
tance of a secondary evaluation of the “hits” resulting from the initial
screening. On the other hand, these data show that our assays based
on the Rev-responsive reporter ribozymes were able to identify quick-
ly a previously unknown inhibitor of HIV-1 replication, and
coumermycin may now serve as an interesting lead compound for the

development of small molecules that are even more potent
in reducing retrovirus replication.

Modular reporter ribozymes detect protein interac-
tions. Given that protein–RNA and protein–small mol-
ecule interactions can be probed using our reporter
ribozymes, it should also be possible to probe protein
complexes and protein–protein interactions with the
same system. To this end, we designed two additional
reporter systems based on hammerhead and hairpin
ribozymes30. These reporter ribozymes are referred to as
the aptamer-hybridizing hairpin (AHP) and aptamer-
hybridizing hammerhead (AHH) motifs. These
reporter ribozymes contained sequences that were com-
plementary to the anti-thrombin DNA aptamer, which
binds to exosite 1 of human thrombin31 (Fig. 4A). In
this configuration, added aptamers hybridized to and
inactivated reporter ribozymes. Conversely, addition of
a 20- to 30-fold excess of the cognate protein shifted the
equilibrium in favor of the active aptamer structure and
reactivated the ribozymes (Fig. 4A). Note that these
reporter systems may be even more convenient than the
direct conjugation of aptamers to ribozymes described
above. Assay components such as the hybridizing
aptamer and its protein target can be chemically modi-
fied or modularly swapped without altering the func-
tion of the underlying reporter ribozyme.

Aptamer-specific inhibition was shown for the throm-
bin-responsive hairpin ribozyme (AHP-Thr; Fig. 4B,
columns 1 and 2) and hammerhead ribozyme (AHH-
Thr; Supplementary Fig. 3 online, columns 1 and 2).

Only the anti-thrombin aptamer rendered the ribozyme
inactive, whereas other DNA or RNA molecules containing
unrelated nucleotide sequences did not function as
inhibitors (data not shown). A 20- to 30-fold excess of
α-thrombin added to the aptamer-inhibited ribozymes led
to 60–70% reactivation (column 4). Notably, γ-thrombin
(which is identical to α-thrombin but lacks exosite 1, the

domain recognized by the aptamer) was unable to reactivate the
ribozyme (column 3). In addition, the remarkable specificity of AHP-
Thr for α-thrombin is summarized in Figure 4C. Among a collection
of 13 different proteins, α-thrombin was able to reactivate AHP-Thr
significantly, to a level of 60–70% of the non-aptamer-inhibited
ribozyme activity. Human Factor Xa, the active form of the blood-
clotting Factor X containing an exosite related to thrombin32, reacti-
vated AHP-Thr only to a level of 10% of the noninhibited ribozyme.
These results demonstrate that highly specific reporter ribozymes can
be designed in a modular fashion and then generated in a straightfor-
ward manner.
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Table 1. Dissociation constants of compounds to Rev measured
by SPR 

Protein Dissociation constant (µM)a

Coumermycin A1 Patulin

HIV-1 Rev 5.8 1.3
HIV-1 RT 70.5 1.0
HIV-1 Tat 23.0 1.2
NF-κB 140 1.5
Cytohesin-1 300 –

aKd values were determined in the same way as shown in Figure 2C, D. Proteins
used for comparison: NF-κB transcription factor p52; cytohesin-1, a cytoplasmic
protein that acts as a guanine nucleotide exchange factor on small ras-like
GTPases46,47.

Figure 2. Interaction of Rev with small molecules. (A) Inactivation of the cleavage
activity of AIR–Rev complex (straight lines) and activation of R–Rev complex (dotted
lines) in the presence of increasing concentrations of patulin (�, �) and coumermycin
A1 (�, �). (B) SPR analysis of coumermycin A1 binding to flow cells derivatized with Rev
peptide (black dotted line), Rev protein (black straight line), and R (gray line). No binding
to R-derivatized surface was detectable. Binding to Rev peptide and Rev-derivatized
surfaces was reversible. (C) Coumermycin A1 binding to Rev-derivatized flow cell is
concentration dependent. Coumermycin A1 was injected at concentrations of 0.1 µM, 
1 µM, 5 µM, and 25 µM (black lines). Rosamicin, griseovulvin, and streptolydigin are
antibiotics identified as negative in the screen. Injection of 100 µM of these compounds
showed no response under the same SPR conditions (gray lines). (D) Curve fitting of
response vs. concentration for coumermycin A1 binding to immobilized Rev protein
revealed a Kd of 5.8 µM.
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To test whether the ribozyme screens could potentially detect 
protein–protein interactions, we carried out a similar experiment in
the presence of increasing concentrations of the exosite 1–binding
thrombin inhibitor hirudin33. As shown in Figure 4B (columns 5–9),
AHP-Thr sensitively reported the α-thrombin–hirudin protein–
protein interaction in a concentration-dependent manner. Analogous
data were obtained with AHH-Thr (Supplementary Fig. 3 online).
Moreover, a sulfated version of the exosite 1–specific C-terminal 
13-mer peptide of hirudin has been shown to bind thrombin with
greater affinity than the nonsulfated version of this fragment34, and a
roughly threefold difference in the IC50 values can be detected by
AHH-Thr (Supplementary Fig. 4 online). The sulfated peptide sup-
pressed the fluorescence signal with an IC50 of 1.8 µM compared with
6 µM for the nonsulfated version. The thrombin-responsive reporter
ribozymes can potentially be applied in high-throughput screens for
small molecules or peptides that function as superior thrombin
inhibitors. Notably, the protein antithrombin III (AT III), which
specifically binds to exosite 2 of α-thrombin with high affinity, was
unable to disrupt the aptamer–thrombin complex and left both
reporter ribozymes active (Fig. 4B, column 10; see also

Supplementary Fig. 3 online). Thus, advance knowledge of the target
epitope recognized by an aptamer should permit immediate identifi-
cation of the domains involved in newly discovered protein–protein
interactions, provided that aptamer release results from binding com-
petition rather than from indirect effects.

Conclusions. We have shown that protein-responsive reporter
ribozymes can signal the presence of a cognate protein, and can be
up- or downregulated by compounds of high or low molecular mass
that compete with regulatory oligonucleotides for protein binding.
The ribozyme reporters described here can thus be used to identify
directly and measure novel molecular interactions in automated
FRET- or fluorescence-dequenching assays. That aptamers can be
generated for a large variety of targets35 using automated selection
methods36 suggests that these methods should be compatible with
the parallel screening of large compound or protein libraries.
Moreover, the ribozyme-based assays can be used with minimal
modifications compared with existing assay formats, as they do not
require labeling of compounds or proteins, and use only small
amounts of analytes because positive signals are catalytically ampli-
fied. Although other examples of nucleoprotein ribozymes have been
described37–39, it is unclear to what extent they can be modularly
adapted to multiple high-throughput assay formats.

Furthermore, the finding that ribozymes can be up- or downregulat-
ed by the interplay between interacting oligonucleotides, proteins,
peptides, and even small molecules provides a synthetic model for the
evolution of complex cellular machineries like the ribosome or the
spliceosome that are thought to have been derived from RNA cata-
lysts40,41. According to the RNA-world hypothesis, proteins that bound
nonspecifically to functional RNAs may have represented an early step
in the evolution of large natural RNA–protein machineries42. It is plau-
sible that small oligonucleotides may have participated in the regula-
tion of early RNA catalysts through nonspecific or specific interactions
in trans. Previous work has shown that ribozymes can sense multiple
regulatory analytes in parallel38,43,44. Here we provide experimental evi-
dence that ribozyme activity, controlled by a regulatory protein, can
also be reverted in the presence of a second interaction partner of high
or low molecular mass that complexes the regulatory protein. In the
RNA world, effector molecules could have interacted with specific reg-
ulatory RNAs to modulate ribozyme function and may have had func-
tions similar to those of second messengers and allosteric effectors in
modern biochemistry. As the RNA world evolved, the regulatory RNAs
may have eventually served as adapters that allowed the chemistries of
effector molecules or effector complexes to augment the nascent cat-
alytic abilities of ribozymes. In this sense, our system may represent a
simple chemical model for early steps in the evolution of the complex
RNA–protein machines that ultimately derived from catalytic RNA.

Experimental protocol
Design and synthesis of Rev-dependent reporter ribozymes. Reporter
ribozymes were synthesized by PCR amplification and in vitro transcription
using the following DNA templates: R, 5′-TCTAATACGACTCAC-
TATAGGGTCCTCTGATGAGCTCTGGGCGCAGCTTCGGCTGACG-
GTACTTGCGAAACTCGT-3′; AIR, 5′-TCTAATACGACTCACTATAGG-
GACTCGCTTCGGCTTGAGATACCAAAAAGGGTCCTCTGATGAGGC-
CGTTAGGCCGAAACTCGT-3′; hammerhead wild-type control HHR, 5′-
TCTAATACGACTCACTATAGGGTCCTCTGATGAGGCCGTTAGGCC-
GAAACTCGT-3′; FRET-labeled RNA substrate, 5′-Fam-ACGAGUC-
AGGAUU-Tamra-3′; Rev peptide sequence, TRQARRNRRRRWRERQR.

Ribozyme reactions. Multiple-turnover cleavage reactions (50 µl) were carried
out in HHR buffer (50 mM Tris-HCl, pH 7.9, 25 mM NaCl) at 32°C in 96-well
plates. Ribozyme (10 nM) and FRET-labeled substrate (200 nM) were preincu-
bated in HHR buffer (25°C, 5 min), followed by optional addition of Rev and/or
antibiotic. After incubation (32°C, 5 min), reactions were started by addition of
MgCl2 to a final concentration of 8 mM. Negative controls without ribozymes
were routinely included and automatically subtracted.
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Figure 3. Coumermycin A1 inhibits HIV-1 replication. (A) Structure of
coumermycin A1. (B) Effect of coumermycin A1 on HIV-1 p24 levels. H9
cells infected with HIV-1IIIb were grown in the presence of 1 µM (�), 5 µM
(�), 7.5 µM (�), or no coumermycin A1 (�). p24 concentrations are shown
relative to infected cells treated with similar volumes of dimethyl sulfoxide
alone (�) to adjust for variations in assay reagents and between assay
days. All data represent the average of two replicates of the experiments
on different days. (C) Toxicity of coumermycin and patulin. Effects of 5 µM
coumermycin A1 (� and �) on H9 cells in comparison to 5 µM patulin (�).
The viability of infected cells (closed symbols) and noninfected cells (open
symbols) in the presence of compounds was determined relative to cell
controls (� and �). (D) Same experiment in presence of 7.5 µM
coumermycin A1 (� and 	).
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Screening the antibiotic library for Rev interactors. Screens were done on
96-well plates. For each antibiotic, three different reactions were carried out
containing hammerhead, reporter, or no ribozyme, antibiotic (100 µM), Rev
peptide (1 µM for R, 250 nM for AIR), and substrate (200 nM). Each plate
also contained standard ribozyme reactions (HHR, 1 µM R, or 250 nM AIR)
without antibiotic as a positive control. The “no ribozyme” negative control
was subtracted from the values obtained in the presence of ribozymes. From
these values, the initial reaction velocity (which correlated with the fluores-
cence increase) within the first 5 min was determined. The resulting values
for R and AIR were divided by the value obtained for HHR.

Surface plasmon resonance measurements. SPR measurements were
done in a Biacore 3000 (Biacore AB, Uppsala, Sweden) using automated
procedures. Flow cells contained 1,800 RU Rev peptide, 5,000 RU of pro-
tein, and 1,600 RU of RNA. For Kd determinations, cells derivatized with
500 RU Rev were used. All binding experiments were carried out in HHR
buffer at 25°C by injection of 20–30 µl sample solution at a flow rate of
10 µl/min and with in-line reference subtraction of underivatized sur-
faces. Fitting of obtained binding sensograms was carried out with the
Biacore evaluation software.

HIV-1 replication assays. Cells were grown at 37°C in a 5% CO2 atmos-
phere in RPMI-1640 medium supplemented with 10% FCS, 10 mM
HEPES, 1 mM sodium pyruvate, 1.5 g/ml NaHCO3, 2 mM L-glutamine,
2.5 U/ml penicillin, and 2.5 mg/ml streptomycin. For infection assays, 1.2 ×
107 H9 cells were washed in sterile PBS and pelleted by spinning at 1,500
rpm (430g) for 5 min. Half of the cells were resuspended in 3 ml of HIV-
1IIIb in R10 with a p24 concentration of 4 ng/ml and incubated for 1 h with
agitation every 10 min to redisperse cells. A parallel mock infection was
carried out in which the other half of the cells were incubated in 3 ml of
R10 only. Cells were washed and pelleted as before and resuspended in
fresh R10. Infected cells were divided into three 25 cm2 flasks in a total vol-
ume of 7.5 ml R10 supplemented with 0 µM, 1 µM, 5 µM, or 7.5 µM of
coumermycin. Mock-infected cells were treated likewise. A 1.5 ml sample
of each cell culture was taken approximately every two days, counted for
cell viability, and assayed using a p24 antigen ELISA kit. The total volume
of each culture was maintained by adding 1.5 ml fresh R10 supplemented
with the appropriate concentration of coumermycin.

Thrombin-dependent ribozyme assays. AHH-Thr (30 nM) or AHP-Thr
(50 nM) were preincubated for 5 min at 32°C in HHR buffer or hairpin
(HP) buffer (50 mM Tris-HCl, pH 7.5) with 200 nM HHR substrate or 
1 µM HP substrate (5′-Tamra-UCGCAGUCCUAUUU-Fam-3′). Effectors
(50 nM anti-thrombin DNA aptamer 5′-GGTTGGTGTGGTTGG-3′,
1 µM proteins) were then added and the reaction was further incubated
for 10 min at 32°C. The reaction was initiated by adding MgCl2 to a final
concentration of 8 mM (AHH-Thr) or 20 mM (AHP-Thr). The initial flu-
orescence/min values were corrected by subtracting values derived from
reactions lacking ribozyme.

Note: Supplementary information is available on the Nature Biotechnology
website.
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Figure 4. Specific protein–protein interactions as a function of cleavage activities
for AHH-Thr and AHP-Thr. (A) Scheme for anti-protein aptamer–regulated
hammerhead and hairpin ribozymes45 and their response to aptamer-specific
proteins. A specific protein–protein interaction should decoy the target protein from
the aptamer (cyan), which can then hybridize to an antisense sequence (bold
lines) within a ribozyme, rendering the ribozyme inactive for substrate 
(red) cleavage. F, Fluorescein label (FAM); Q, fluorescence quencher (TAMRA).
(B) Protein–protein interactions of α-thrombin and hirudin can be detected in a
domain-specific fashion with AHP-Thr (50 nM). 1, Ribozyme alone;
2, ribozyme/anti-α-thrombin-aptamer (1:1). Equimolar amounts of aptamer
resulted in complete inhibition of AHP-Thr. 3, Ribozyme/anti-thrombin aptamer/
γ-thrombin (1:1:20). γ-Thrombin lacking exosite 1 of thrombin was unable to decoy
the aptamer from AHP-Thr. 4, Ribozyme/anti-thrombin aptamer/α-thrombin
(1:1:20). 60% of AHP-Thr activity was restored. 5–9, Same as 4 with increasing
concentrations of hirudin (1–20 µM). At increasing concentrations, hirudin
competed with the aptamer for binding to exosite 1 of α-thrombin, resulting in
aptamer release and inhibition of ribozymes. 10, Same as 4 with 20 µM of exosite
2–specific antithrombin III (AT III). AT III binding to exosite 2 of α-thrombin showed
no effect.The AHH-Thr ribozyme (30 nM) yielded the same results as AHP-Thr
(supporting data S3). In both systems (AHH-Thr and AHP-Thr), neither α- and 
γ-thrombin nor hirudin or AT III had an effect on ribozyme alone or ribozyme +
aptamer. (C) Reporter ribozyme AHP-Thr specifically reported the interaction of
the anti-thrombin aptamer with the exosite 1 of α-thrombin. Among a set of
randomly selected control proteins, only α-thrombin activated the aptamer-
inhibited AHP-Thr. None of the 13 proteins affected the activity of the ribozyme in
the absence of the aptamer. 1, Human γ-thrombin; 2, NF-κB transcription factor
p52; 3, human α-thrombin; 4, human Factor Xa; 5, Bcl-3, a member of the IκB
protein family; 6, cytohesin-1, a cytoplasmic regulatory protein with guanine
nucleotide exchange factor function; 7, Rev protein of HIV-1; 8, BSA; 9, papain;
10, hen egg white lysozyme; 11, ADH, alcohol dehydrogenase; 12, hirudin; 13,
antithrombin III.
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