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Much like proteins, RNA molecules can fold into complex three-
dimensional structures, allowing them to form surfaces and bind-
ing pockets to specifically interact with other molecules. RNA 
performs highly precise functions in a number of essential cellular
processes, such as protein synthesis, transfer RNA (tRNA) matura-
tion, and messenger RNA (mRNA) splicing. Furthermore, it has
been found that certain structural elements in the mRNA of the
human immunodeficiency virus (HIV), namely the trans-activat-
ing region (TAR) and the Rev response element (RRE), are critical
for retroviral replication1. These findings, together with the inabili-
ty thus far to identify any natural RNA repair mechanisms, make
functional RNA molecules attractive drug targets in pharmaceutical
research programs2–4. Indeed, antibiotics targeting distinct sites in
ribosomal RNA (rRNA) have been known for a long time and are
used in clinical practice to fight bacterial infections. For example,
aminoglycosides of the 2-deoxystreptamine family specifically
interfere with prokaryotic translation by binding to the decoding
site of the 16S rRNA (ref. 5) or inhibit virus production by interact-
ing with the RRE and TAR sequences in HIV6–8. Furthermore,
small-molecule drugs can influence the cleavage activity of natural
ribozymes9–15. It has been suggested that the HHR could be used as
a model system for the analysis of RNA/small-molecule interac-
tions, in that it belongs to the most exhaustively characterized cat-
alytic RNAs (refs 2, 4, 14, 16–19).

Besides rRNA (refs 5, 20), there have been efforts to target cat-
alytic RNAs in viruses21 and pathogenic microorganisms with low-
molecular-weight molecules2,17. This seems particularly attractive in
that autocatalytic splicing processes and ribozymatic activities

involved in virus replication are species-specific, play key roles in the
life cycle of microorganisms or viruses, and do not occur in higher
eukaryotic cells. For that reason, catalytic RNA is increasingly being
considered as a promising drug target2,17. On the other hand, the
ability to identify compounds that modulate RNA activity in high-
throughput screens is important not only to target biologically
active RNA molecules, but also to be able to overcome the growing
problem of the global dissemination of bacterial resistance to many
of the current antibiotics22–24. These considerations prompted us to
design approaches enabling the rapid and convenient identification
and characterization of new inhibitors of the HHR, and, ultimately,
other functionally interesting RNA molecules.

Recently, we have described an assay that enables the rapid kinet-
ic analysis of HHRs by fluorescence resonance energy transfer
(FRET)25. In contrast to conventional methods, the assay is eminent-
ly suited for the high-throughput analysis of ribozyme cleavage
activities because it allows the nonradioactive and automated char-
acterization of many RNA-catalyzed reactions in microtiter plates
(Fig. 1A,B). Here we report the rapid identification and characteri-
zation of new HHR inhibitors from two small compound libraries
using this approach. One library was a collection of antibiotics from
which a modulatory effect on RNA molecules could be assumed on
the basis of previous data; the other was a collection of extracts from
2,000 different actinomycete strains.

Results and discussion
Inhibitor screening. We have applied a fluorescence-based assay to
test 96 antibiotics as well as 2,000 bacterial extracts from actino-
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mycetes with potential antibiotic activity for their ability to modu-
late the cleavage activity of an in-trans hammerhead ribozyme
HHR1 (Fig. 1A). The kinetic parameters of HHR1 were determined
previously under similar conditions under which the screening was
performed25. In the assay, a fluorophore-labeled oligonucleotide
("FRET-oligonucleotide") serves as a substrate for the hammerhead
ribozyme. Upon cleavage of the FRET-substrate, a fluorescence sig-
nal proportional to the cleavage activity of HHR1 is generated. By
fluorescence monitoring in the linear phase of the reaction, the 
initial ribozyme-catalyzed cleavage rate could be followed and quan-
tified in subsequent analyses (Fig. 1B). Recently, the principal
applicability of our assay for the kinetic characterization of RNA
cleavage reactions was confirmed for other HHRs (ref. 26).

The inhibitor screening was performed in 96-well plates using a
fluorescence kinetic reader. The prototype of this assay, that is, auto-
mated measurements with manual pipetting, can be applied to
record and analyze at least 480 different hammerhead reactions per
day. All reactions were performed under multiple-turnover condi-
tions at subsaturating ribozyme concentrations and with substrate
in excess. Hammerhead cleavage was initiated by simultaneously
adding MgCl2 and the sample to be analyzed to a preincubated 
mixture of the ribozyme and the FRET substrate. Kinetics were mea-
sured in the initial linear phase of the reaction to ensure that the sub-
strate concentration was not rate limiting. In principle, inhibition
was detected by the lower increase of the fluorescence signal relative
to the noninhibited HHR reaction.

To improve the accuracy of our assay, a control sample containing
no HHR was measured on the same plate for each cleavage reaction
(control sample = FRET substrate, compound to be tested, no HHR).
The fluorescence signal of the control remained unchanged during
the time of the measurement (data not shown), although in some
rare cases an increase or decrease of the control fluorescence was
observed over time (Fig. 1C,D). Here, subtraction of the fluorescence
signal in the control allowed correction for possible effects of the
compound on the FRET substrate that do not result from ribozyme

activity, such as nonspecific fluorescence quenching or enhancement,
RNA multimerization, or RNase degradation. For example, in the
presence of doxycycline and cyclosporin A (Fig. 1C,D), cleavage is
inhibited as indicated by the smaller corrected values (fluorescence
units, Fu/min = 2,689 and 2,636, compared to the corrected slope of
the uninhibited reaction. Thus, correction led to significantly lower
errors in the determination of initial reaction velocities.

We then screened a library of 96 known antibiotics

Figure 1. Principle of the assay and primary fluorescence measurements with HHR1/SL1. 
(A) Sequences of HHR1 and its substrate. (B) Principle of the FRET assay. (1) Binding of the
FRET substrate to the ribozyme results in the formation of the catalytic complex. In the
uncleaved substrate the fluorescence signal of the fluorophore (F) is intramolecularly
quenched by the adjacent quencher dye (Q). (2) Cleavage of the FRET substrate by the
hammerhead ribozyme. (3) Dissociation of the reaction products from the ribozyme.
Neutralization of the FRET effect results in an increase in fluorescence (hν'). The ribozyme is
available for the next turnover. (4) The increasing fluorescence signal reflecting the
cleavage rate under multiple-turnover conditions is monitored as a measure for ribozyme
activity. (C) Time-dependent increase of the fluorescence signal for the reaction in the
presence of doxycycline resulted in a decrease of the fluorescence signal in the control
sample (slope: –713 Fu/min). (D) The reaction in the presence of cyclosporin A. Here,
fluorescence increase was observed not only in the reaction containing the ribozyme
(slope: 4,760 Fu/min), but also in the control sample (slope: 2,125 Fu/min). When subtracted
from the nonspecific fluorescence, the initial reaction rates appeared to be much lower in
the presence of cyclosporin A (corrected slope: 2,636 Fu/min). Data points and linear fit for
the uncorrected reaction, the corresponding control reaction without HHR1 and the
corrected values are shown (see Experimental Protocol). The slopes of the lines
corresponding to the initial reaction rates are also given (Fu/min).

Table 1. Members of the 96 compounds screen with inhibitory 
activity

Entrya Compound (MW) Relative activityb Ki (µM)
FRET 5′-32P

2 Adriamycin RDF (543.5) 0.12 0.13 14
8 Bisbenzimide (629) 0.00 0.08 3
15 Chelocardin (441; DMSO) 0.15 0.20
27 Diminazene aceturate (515.5) 0.00 0.12 20
31 5-epi-Sisomicin (447.6) 0.00 0.03 1
38 Gentamicin C complex (700) 0.22 10
39 Gentamicin C1A sulfate (700) 0.39 32
40 Gentamicin sulfate (709) 0.69 73
41 Gramicidin S·HCl (1214.5) 0.03 0.06 23
53 Neamine (322.4) 0.61 90
54 Neomycin B (614) 0.33 38
55 Neomycin sulfate (908.9) 0.16 18
62 Paramomycin (615.7) 0.63 65
84 Tetracycline (444.1) 0.61
91 Tuberactinomycin A (701) 0.01 0.00 1
92 Tuberactinomycin B (685) 0.03 0.01 0.1

aEntry numbers refer to the numbering of all 96 compounds tested. The com-
plete set of the 96 compound screen is available as Supplementary Table 1 in
the Web Extras page of Nature Biotechnology Online.
bFraction of activity at 100 µM of antibiotic in relation to the noninhibited reac-
tion. For antibiotics with a strong inhibitory effect, Ki values are also given.
Measurements were carried out in triplicate. Chelocardin was tested at con-
centrations below 100 µM, because solubility prevented preparation of a 1 mM
stock solution.
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(Supplementary Table 1) that was limited to molecules from which
an effect on RNA might be expected on the basis of a large set of pre-
vious data10,12,15,21. (See Supplementary Table 1 in the Web Extras
page of Nature Biotechnology Online.) Indeed, 16 compounds
showed an inhibitory effect compared to the uninhibited reaction
(relative activity <0.7), and among them eight novel inhibitors of
the HHR-cleavage reaction were identified: Adriamycin RDF 
(doxorubicin), bisbenzimide, chelocardin, diminazene aceturate,
gramicidin S, 5-epi-sisomicin, tuberactinomycin A (TubA), and
tuberactinomycin B (TubB) (Table 1). In Table 1 and in
Supplementary Table 1 the corrected initial velocities for all com-
pounds are listed as relative values of activity with respect to the
noninhibited reaction. By far the strongest inhibition was observed
with TubB (Ki = 110 nM), which was approximately 350-fold more
effective than neomycin B (Ki = 38 µM), one of the strongest HHR
inhibitors presently known. As a positive control, some known HHR
inhibitors12–14, such as neomycin B, gentamicin C, paramomycin,
and neamine were tested, and their inhibitory potential was quanti-
tatively confirmed in our assay. Furthermore, every inhibitor identi-
fied in the FRET assay was independently confirmed by classical
polyacrylamide gel electrophoretic (PAGE) analysis using a radiola-
beled substrate (see below).

We also screened filtrates from extracts of 2,000 different actino-
mycete strains with potential antibiotic activity. Each filtrate repre-
sented a fixed volume of cell-free supernatant passaged through an
ultrafiltration membrane with a molecular-weight cutoff of 
3,000 g/mol. The screening was performed as described for the 96

pure compounds, except that no concentration for the components
could be calculated for the mixtures. In comparison to the nonin-
hibited reaction, ∼ 5% of the extracts reduced the cleavage activity to
a value of 0.7 or below under the conditions used (data not shown).
This value corresponds to the inhibition obtained with 10 µM
neomycin, which was measured on the same plates as a positive con-
trol. From those extracts that showed inhibition, 58 samples were
rescreened in triplicate measurements with almost the same results.
Moreover, inhibition was confirmed independently by PAGE analy-
sis (see below). Fractionation of the most active extracts and analy-
ses of pure compound fractions are underway.

Several controls were performed to exclude the possibility that
the inhibition obtained in the FRET-assay was due to unspecific flu-
orescence effects (Fig. 2A). In these control experiments a 
5′-32P-labeled substrate of the same sequence without FRET-labeling
was used25. Reaction products were separated by denaturing PAGE,
and product formation was quantified on a phosphorimager. No
statistical differences between the FRET and PAGE analyses were
obtained, thereby confirming all inhibitors by two independent
analyses (Table 1). It should be noted, however, that for gramicidin S
a significant deviation from the FRET data was obtained when we
used the “classical” protocol for HHR-cleavage analysis, that is,
removing samples for gel electrophoretic quantification at certain
time points from a single reaction. For example, 100 µM gramicidin
S exhibited a relative activity of 0.6, whereas in the FRET assay the
cleavage was almost completely inhibited. We anticipated that this
inconsistency was due to aggregation of substrate and gramicidin S.

Figure 2. 32P-Labeling experiments under single- and multiple-turnover conditions, Ki determinations and cooperativity. (A) Time course of
HHR1 shown representatively for neomycin B, neomycin sulfate, paromomycin, TubA. No cleavage was detected in the presence of 100 µM
TubA. (B) Influence of compounds 2 (Adriamycin; straight line, Ki = 13.7 µM), 31 (5-epi-sisomicin; dotted line), 54 (neomycin B; dashed line), and
96 (viomycin; triangles) on HHR1 cleavage. vi, Initial reaction velocity. (C) Inhibition by TubA. Dotted line: no cooperativity, Ki = 1.3 ± 0.2 µM.
Straight line: cooperativity factor 1.5, Ki = 1.3 ± 0.1 µM. In a single measurement Ki values could be obtained in triplicate.

A B

Figure 3. Statistical analysis of assay accuracy. Histogram plots showing the distributions of values obtained during a typical screening
experiment (without any inhibitory compound) for 48 different measurements. The line represents a fitted Gaussian distribution, which was
found to be adequate to approximate the distribution values for the relative activities (ra). (A) Histogram plots of the corrected slopes and (B)
histogram plots of the corrected end points. The values are corrected for unspecific fluorescence (Experimental Protocol) and normalized to the
average value of all measurements, that is, the mean value of the Gaussian function was set to 1. The bars refer to the number of values
obtained lying in the respective bin of size 0.05. Standard deviations as well as the 99.99 confidence intervals are also shown.
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We therefore modified the protocol for the PAGE analysis by moni-
toring individual samples for each time point, which could be quan-
titatively analyzed by PAGE. Indeed, by employing this modification
we obtained a relative activity of 0.03, thereby establishing grami-
cidin S as a very potent inhibitor of hammerhead ribozyme cleavage
(data not shown).

Kinetic characterization of new HHR inhibitors. For com-
pounds exhibiting a strong effect on HHR cleavage, Ki values were
determined by measuring the initial reaction velocities at increasing
inhibitor concentrations. Representative results are shown in Figure
2B,C and Table 1. As control, a selection of six more or less inhibito-
ry antibiotics were chosen and remeasured from independently
diluted stock solutions (Table 1, entries 8, 27, 40, 41, 53, 62). None of
the Ki values obtained in this analysis deviated by >20% from the
values of the initial FRET measurements shown in Table 1.
Interestingly, curve fitting revealed a positive cooperativity for the
inhibition by TubA (Fig. 2C, cooperativity factor: 1.5).

Interestingly, some striking similarities and interesting differences
become evident when inhibitors of other ribozymes27–30 are compared
with our results. For example, among the aminoglycosides, 
5-epi-sisomicin was identified as the strongest hammerhead inhibitor,
with a Ki of 1 µM, followed by gentamicin C complex (10 µM),
neomycin sulfate (18 µM), gentamicin C1A sulfate (32 µM),
neomycin B (38 µM), paramomycin (65 µM), and neamine (90 µM).
5-epi-Sisomicin and gentamicin also showed strong inhibitory poten-
tial for the sunY intron and the HDV ribozyme21. Inhibition of the

HHR by neomycin is comparable to the HDV ribozyme; inhibition by
paramomycin is comparable to the value of Ki obtained for the sunY
intron. 

Whereas the cyclic pentapeptide antibiotics TubA and TubB
showed very strong inhibition, other peptide antibiotics of the same
family, namely TubN (enviomycin), viomycin, and capreomycin
(capastat) were much less effective or had no effect at all.
Interestingly, the strongest HHR inhibitors TubA and TubB both
contain an OH group in α-position to the guanidino group in the
six-membered ring. All noninhibitory tuberactinomycins, except
viomycin, lack this functionality. A similar trend is found for the
sunY intron and the HDV ribozyme21, but here viomycin exhibits
moderate inhibitory potential.

The striking difference in inhibitory activity found for viomycin
and TubB in our study is remarkable because these two peptide
antibiotics are considered to be identical. Our data strongly suggest
that the two samples referred to as TubB and viomycin obviously dif-
fer in some respect and thus cannot be considered identical. Indeed,
the two samples were isolated from different streptomycete strains,
and have different counter-ions: “viomycin”·H2SO4 from
Streptomyces vinaceus; “TubB”·HCl from Streptomyces griseoverticil-
lus. At present, we do not know whether this may explain differences
in the inhibitory potential of viomycin and TubB.

The third class of inhibitors identified in our screen belongs to
the tetracycline family. Previously, tetracycline was established as a
moderate HHR inhibitor12 and this was confirmed by our study.
Chelocardin exhibited significantly stronger inhibitory potential. No
inhibition was detected for oxytetracycline.

For the anthracycline antibiotic Adriamycin (doxorubicin), which
belongs to the family of aromatic type II polyketides, a Ki of 
23 µM was measured. Doxorubicin is known to interact with DNA and
was recently shown to bind reversibly to RNA helices and to tRNA31.

A novel class of potent hammerhead inhibitors is represented by
two dye molecules that have not yet been shown to affect ribozyme
catalysis, namely bisbenzimide (Hoechst 33258), and the 
bis-N-acetylglycine salt of 4,4'-(diazoamino)di-benzamidine (dimi-
nazene aceturate), which showed Ki values of 3 µM and 20 µM,
respectively. To our knowledge, bisbenzimide has not been identified
as an inhibitor of ribozyme activity but was recently shown to be a
weak inhibitor (>>100 µM) of the Tat/TAR interaction in vitro32,33.
Bisbenzimide was also used as a target for an RNA aptamer selec-
tion34, and the consensus motif 5′-UUAN4–5UCU-3′ was identified in
the selected sequences. This motif is not present in HHR1. The sec-
ond dye inhibitor, diminazene aceturate, exhibits a Ki of 20 µM. This
drug was shown to interact with TAR RNA (ref. 35) and an RNA
duplex36, probably by a combination of intercalation plus minor-
groove binding.

Statistical analysis. To ensure the assay's general applicability for
the high-throughput screening of large compound libraries, we had
to ensure that it can identify inhibitors reliably and accurately. We
therefore statistically evaluated two different sets of data that may be
utilized for the analysis of a screening experiment: the initial slopes of
the fluorescence signal reflecting the cleavage kinetics that were used
throughout this study, and the percentage of cleavage at a defined
time point after the start of the reaction. To determine which of the
two options would lead to highest accuracy, 48 measurements of the
uninhibited reaction were analyzed. Figure 3A shows the distribution
of the corrected slopes (see Fig. 1C,D) fitted into a Gaussian distribu-
tion, from which confidence intervals were inferred. An analogous
analysis for the corrected relative fluorescence values obtained after 
4 min of measurement is shown in Figure 3B.

The standard deviations for the two analyses show significant dif-
ferences. For the analysis based on the initial slopes the standard
deviation was 7%, compared to 18% for the single-point analysis.
The confidence interval, that is, the value one would expect for

Figure 4. In vivo cleavage activity of the cis-snorbozyme in the
presence and absence of TubA. (A) Schematic for the biochemical
events leading to the final products in vivo. Uncleaved RNA is capped
and thus protected from 5′ → 3′ exonucleolytic degradation. Active
snorbozyme is cleaved at the site indicated and then further trimmed
by endogenous exonucleases as indicated, to yield the final in vivo
product P, which is protected from complete degradation by proteins
bound to the canonical snoRNA C'/D motif39. The assay makes it
possible to distinguish true in vivo cleavage from artifactual
cleavages in vitro, because the shorter product P is formed only in
living cells after ribozyme-dependent cleavage and not in vitro or after
cell disruption. exo, Exonuclease activity. (B) Northern blot of one
representative set of experiments. The same in-cis snorbozyme
construct as described before with a hammerhead sequence 
(52 nucleotides) inserted into a full-size U3 variant was used37. RNA
was identified by northern blot as described37 and quantified by
phosphorimaging. Rz–, Inactive snorbozyme mutant negative control;
Rz+, active snorbozyme; S, fraction of Rz+ that was not cleaved in
vivo. P, Rz+ cleaved in vivo. (C) Quantification of three independent
measurements of snorbozyme cleavage in vivo. (1) Rz– (5 ± 3%); 
(2) Rz+ uninhibited (75 ± 5%); (3) Rz+ plus 300 µM TubA in the growth
medium (55 ± 5%); (4) 100 µM TubA (60 ± 5%); (5) 30 µM TubA (70 ± 5%);
6, 0 µM TubA (75 ± 5%).
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99.99% of all experiments, ranged between 0.73 and 1.27 for the
slope-based data. Therefore, the risk of obtaining false positives is
one in 104 if the threshold for inhibition is set to 0.7 relative to the
uninhibited reaction. For the single-point analysis the confidence
interval ranged between 0.31 and 1.69. This does not mean that the
analysis based on single-point determinations is not useful, especial-
ly in cases in which a lower threshold (0.3) is sufficient. For a rapid
analysis of large libraries of individual compounds it might be
advantageous to choose single-point analysis because it may, for
example, allow the screening of a larger number of compounds in a
primary screen because of the shorter time intervals required. In
conclusion, the statistical evaluation shows that our assay is capable
of detecting even very weak inhibitory activities. This is less relevant
if individual, defined compounds are screened but may become
highly relevant if more or less complex mixtures are searched in a
primary screen, as in the case of screening 2,000 different bacterial
extracts of mixed composition.

Cleavage of a HHR snorbozyme is reduced by TubA in vivo. To
investigate whether some of the identified HHR inhibitors can also
act inside cells, we employed the “snorbozyme” methodology,
which utilizes U3 small nucleolar RNA–hammerhead ribozyme
hybrids to accurately and reliably assay ribozyme activity in
vivo37,38. Using the cis-snorbozyme (Fig. 4A), we evaluated the
intracellular inhibition of HHR cleavage by six inhibitors, namely
bisbenzimide, TubA, TubB, doxorubicin, diminazene aceturate,
and 5-epi-sisomicin in yeast cells. Cells were grown at various per-
missive concentrations of inhibitors (TubB and bisbenzimide
exhibited cell toxicity at 100 µM and 10 µM concentrations,
respectively; other compounds were toxic at 1.0 mM), the RNA
was isolated at the same growth stages, and snorbozyme substrates
and cleavage products were subsequently quantified by northern
blotting. TubA was the only compound for which a reduction of
HHR cleavage in vivo was observed (Fig. 4B,C; data for the remain-
ing inactive compounds not shown). TubA added to the growth
medium at 300 µM reduced snorbozyme cleavage in vivo by nearly
30% (compare lanes 2 and 3). Although not dramatic, the effect
was clearly concentration-dependent and highly reproducible
within three independent experiments. To our knowledge, this is
the first example showing that ribozyme-activity can be reduced
by a small molecule in vivo.

It is not completely clear why some compounds that are potent
inhibitors in vitro do not show activity in vivo. For TubB and bisben-
zimine, the explanation can be as simple as that their high toxicity
does not allow them to reach the intracellular concentration of the
compound necessary for inhibition. For others, such reasons as low
permeability of cell membranes and low accessibility of the
ribozyme segment as part of the RNP complex might provide an
explanation. With ribozymes as in vivo targets, factors such as the
mechanism of inhibition may also be important. In this context it is
interesting to note that TubA, the only compound active in vivo,
showed positive cooperativity of HHR inhibition in vitro with a
cooperativity coefficient of 1.5 (Fig. 2). This effect was not observed
with TubB, which points to slight differences in the inhibitory mech-
anisms that may play some role in vivo.

In summary, we have described a new approach for the rapid and
convenient identification of new ribozyme inhibitors from a small,
constrained antibiotic library. With a nonautomated, nonoptimized
laboratory prototype we could easily analyze at least 480 different
ribozyme reactions per day. This approach should be generally
applicable for the rapid identification of low-molecular-weight mod-
ulators of functional RNAs. These are lead candidates not only for
facilitating our understanding of RNA–drug interaction but also for
providing valuable information for the rational design of new antibi-
otic reagents targeting RNA. The approach can also serve as a starting
point for the development of high-throughput screening systems

directed against a variety of RNA-catalyzed or RNA-modulated cellu-
lar processes such as bacterial mRNA splicing. Toward this end, we
showed that inhibition of hammerhead ribozyme catalysis was reli-
ably detectable within 2,000 uncharacterized bacterial extracts. In
general, low-molecular-weight molecules that bind to RNA have the
potential to be used as drugs, which would open up a whole new line
of investigation for the pharmaceutical industry.

Experimental protocol
Kinetic measurements. Kinetic parameters of ribozyme cleavage were deter-
mined under multiple-turnover conditions with 8 nM HHR1 and 200 nM
FRET-substrate SL1 using a Biolumin 960 fluorescence reader (Molecular
Dynamics, Sunnyvale, CA). All reactions were carried out in 50 µl final vol-
ume in 0.5× PBS with 8.0 mM MgCl2 at 32°C and pH 7.4. Preceding each
measurement, stock solutions of ribozyme and substrate were incubated
separately at 85°C (HHR1 for 3.5 min in 1× PBS; SL1 for 1.5 min in water),
cooled to 32°C within 15 min, combined and, after 15 min, dispensed on
96-well plates (30 µl/well). Reactions were initiated by adding MgCl2 and
antibiotic simultaneously. Fluorescence was recorded at 14 s intervals. Raw
data were exported to Microsoft Excel and analyzed with a program that is
available on request. Negative control reactions with an inactive HHR1
mutant25 or without HHR1 were recorded in parallel. Initial reaction veloc-
ities were determined by linear fitting. All rates (v in Fu/min) were correct-
ed for unspecific fluorescence (see above) by subtracting the slopes of the
control sample (vc) from the corresponding slopes obtained in the hammer-
head reaction (vHHR). Analogously, values obtained for the single-point
measurements of our statistical analysis were corrected by subtraction of the
intrinsic fluorescence of uncleaved substrate measured in the control sam-
ple without HHR1.

Initial slopes in the presence of 100 µM antibiotic. For a typical screen-
ing experiment, master mixes for 240 cleavage- and control reactions with-
out ribozyme were prepared. Eight different compounds plus controls and
noninhibited reactions as internal standards were assayed in triplicates per
plate. Initial rates (sr) were calculated as the slope of the linear regression fit-
ting the increase of fluorescence in the reaction well and were corrected by
subtraction of the control value (sc) without HHR1. The corrected initial
rate (v) is thus v = sr – sc. The mean value of 48 measurements in the absence
of inhibitors was (vref). Finally, the corrected initial rates were normalized
relatively to vref, giving the relative ribozyme activity (ra = v/vref). Analyses
with 32P-labeled substrate S1 were done analogously using the standard pro-
tocols based on gel electrophoretic separation and phosphorimager quan-
tification.

Inhibition constants (Ki). Ki values for antibiotic inhibition of ribozyme
cleavage were obtained by measuring the initial reaction velocities at different
antibiotic concentrations. For each experiment, a 240× mix of SL1 with and
without HHR1 was prepared and transferred into six plates (30 µl/well). Each
plate contained four different antibiotics at eight different concentrations,
measured in triplicates. For analysis, the relative activity (ra; see above) was
plotted against the inhibitor concentration (c), and Ki values were determined
by fitting the data points to the equation (1 + c/Ki)-1 using the least square
method (TubA was fitted to [1 + (c/Ki)n]-1, where n is a cooperativity factor).

In vivo inhibition studies. Yeast cells expressing active cis-snorbozyme
(plasmid pRS:T/C(+); see ref. 37) were grown overnight in 5 ml of YNB
(0.67% yeast nitrogen base) selective medium, containing 2% glucose and
indicated amounts of inhibitors. Cells expressing inactive (mutant) 
cis-snorbozyme (pRS:T/C(–); see ref. 37) were grown in the same medium
without inhibitors. In cases where inhibitors turned out to be toxic, reduced
cell growth was observed. The RNA was isolated from the surviving cells at
approximately the same growth stage (0.8–1.0 OD600), and subjected to
northern blotting with the 32P-labeled oligonucleotide SD13* (5′-GCGGCT-
TAGGCTAAGCTAAGGCCAGC-3′), specific to the snorbozyme molecule37.
Quantification was by phosphorimaging.
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