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Abstract: A hammerhead ribozyme has been labeled with a fluorescein reporter dye which enables the nucleic
acid to detect binding of small organic compounds such as neomycin. The fluorescent changes are associated with
conformational changes in the RNA and can be used to determine the binding modes of the drugs. © 1999 Elsevier
Science Ltd. All rights reserved.

Aminoglycoside antibiotics are low molecular weight molecules that interact with a diverse range of
RNAs.1-7 The well known RNA-binding activity of these drugs is significant with respect to their antibactericidal
properties and potential antiviral activities.58 Although recent studies have revealed several important features of
RNA binding by this class of molecules (reviewed in ref 9), many details of the binding processes remain unclear,
in particular the multiple drug binding modes and conformational changes. Here, we report a sensitive fluorescent
assay to examine the solution behavior of RNA conformation upon neomycin binding.

In general, aminoglycosides do not contain any distinguishable spectroscopic or reactive properties that
allow convenient detection of their interactions with RNA. In contrast to previous studies that have employed
dye-conjugated aminoglycosides,!? we have fluorescently labeled the RNA. In this manner, the binding modes of
non-labeled drugs can be identified without interference by the dye label. Furthermore, the drug concentration can
be varied at a fixed RNA concentration, whereas in previous approaches the drug—dye concentration was typically
fixed.!0 Although similar approaches were reported recently to study protein-RNA!l or RNA-RNA binding,!?
we demonstrate here that fluorescently labeled RNAs can also detect the binding of low molecular weight organic
ligands. To the best of our knowledge, this approach has not been used previously to monitor RNA-small
molecule binding. We also present circular dichroism (CD) spectra to support the idea that fluorescent changes are
associated with conformational changes in the RNA.

We have exploited the hammerhead ribozyme for our studies because of its known small-molecule binding
and self-cleaving abilities.5-!3:!4 The catalytic activity of this ribozyme is inhibited by certain ligands such as
aminoglycoside antibiotics, tetracyclines, and drug analogues.5:14-16 Thus, the hammerhead ribozyme offers an
ideal model for testing our method because the kinetics of binding by a series of antibiotics have been reported and
can be compared directly with the fluorescent data obtained in our binding studies. Furthermore, molecular details
of this RNA have been elucidated through FRET, X-ray crystallography, and molecular modeling studies.!7-19
By employing fluorescent methods, we have revealed a novel mechanism for neomycin binding to the ribozyme.
First, we will show the results of steady-state fluorescence and CD experiments, then discuss the potential of this
RNA-labeling and fluorescence method as a tool that can be employed for future drug design.

The design of our fluorescent reporting system, shown in Figure 1A, is as follows. A 38-nucleotide
ribozyme, R16, was prepared by in vitro transcription. The corresponding substrate, S16-F, was synthesized
chemically with a fluorescein on its 5 end (details given in ref 20). As shown in Figure 1B, the dye is attached to
the RNA through a six-carbon linker. The resulting hammerhead ribozyme complex (HH16-F) 1s altered in such a
manner that it can now sensitively detect ligand interactions by changes in steady-state fluorescence.
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Figure 1. (A) The sequence and secondary structure of a 38-nucleotide hammerhead ribozyme (R16) complexed to a fluorescein-
labeled (5* end) 17-nucleotide substrate (S16-F). The dye-labeled complex is referred to as HH16-F. (B) Details of the six-carbon
linker between the fluorescein dye and RNA. (C) Structure of the aminoglycoside antibiotic, neomycin B.

Remote placement of the fluorescein moiety at the end of the substrate RNA does not have any inhibitory
effects on the cleavage reaction,! but allows detection of long-range, drug-induced, conformational changes in
HH16-F, as shown in Figure 2A. Binding of neomycin at concentrations of 0.1 |iM to 10 mM leads to a
quenching in the steady-state fluorescence of HH16-F (maximum of 84% quenching) and a corresponding 6 nm
red shift. We have confirmed that neomycin is indeed binding to the complex, HH16-F and not free S16-F by gel
analysis.2Z We believe that the quenching effect is the result of an alteration in the fluorescein environment upon
neomycin binding, possibly through changes in stacking interactions of the dye with the ends of the RNA or
restricted rotation due to interactions between helices. Studies are currently underway in our laboratory to address
this issue. Meanwhile, we have confirmed that the effects on fluorescence are indirect, rather than from direct
drug binding to the fluorescein, because a control fluorescein-labeled dimer (5 F-GG 3°) shows negligible
quenching upon addition of neomycin (<5% at 5 mM). Binding to S16-F in the absence of R16 demonstrates a
different quenching behavior upon addition of neomycin, suggesting that the fluorescence method can also be
used to study the interactions of neomycin and related aminoglycosides with single-stranded substrate molecules,
which have been reported previously to have aminoglycoside binding activities. 15
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Figure 2. Spectral changes associated with neomycin binding to HH16-F. (A) The fluorescence emission spectra (recorded on a Spex
Fluoromax) of 1 pM HH16-F (50 mM Tris-HCI, pH 7.3, 37 °C) upon addition of 0.1 UM to 10 mM neomycin B. A shift in the
emission peak from 523 to 529 nm and quenching is observed (excitation wavelength = 490 nm). (B) An overlay of the CD spectra
(recorded on a Jasco J-600 spectropolarimeter) of HH16-F under identical conditions as fluorescence measurements in (A) is shown.

The HH16-F fluorescence binding curve (Figure 2A) is reflective of several neomycin binding modes. A
steady decrease in fluorescence is observed up to 7 uM added neomycin. Slight increases in fluorescence are
observed between 8 and 90 pM, then further and significant decreases in fluorescence are observed from 90 uM
to 5 mM neomycin. These data are suggestive of at least two distinct modes for neomycin binding to HH16-F. A
plot of neomycin concentration versus relative fluorescence is shown in Figure 3. Figure 3A shows the data at
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low drug concentration (0.1 to 5 uM) where the first binding mode is apparent. The apparent first-order fit is
shown and gives a binding constant, K = 3.4 x 105 M-1. This number is consistent with the reported K; (13.5
MM) for neomycin inhibition of HH16,% and is also within an order of magnitude of the binding constants
reported for other RNA-neomycin interactions.22 A second binding mode is observed at higher neomycin
concentrations (90 UM to 5 mM). The further increase in quenching above 90 UM is consistent with relative
HHI6 cleavage rates reported by Stage et al.5 in which inhibition was ~7-fold greater at 1 mM compared to 100
UM neomycin. Figures 3B and 3C show the plots for relative fluorescence versus [neomycin] and [neomycin]?2,
respectively. As can be seen from the curves, the [neomycin]? curve has a much better fit, suggesting that
neomycin binds as a dimer, or has more than one binding site, at higher concentrations. The binding constant, K,
obtained from the apparent second-order fit is 8 x 106M-2, whereas the first-order fit gives K = 4 x 103M-1. This
result is consistent with reports by Wang and Tor in which a covalently-linked neomycin dimer had stronger
inhibitory effects on HH16 cleavage at 1 and 10 pM concentrations compared to unlinked neomycin.?4 It is also
consistent with earlier suggestions that aminoglycosides could have more than one recognition site within a single
RNA.15 Although previous work was suggestive of dimerization or multiple binding modes, our fluorescent
results provide compelling evidence regarding the existence of such binding modes.
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Figure 3. (A)A plot of relative fluorescenceintensity (Fr) at 523 nm vs low [neomycin] (0.1 to 5 uM) and first-order curve fit.
For high neomycin concentrations (0.09 to 5 mM), plots of Fr (523 nm) vs [neomycin] and first-ordercurve fit (B) or [neomycin]2 and
second-order curve fit (C) are shown. (D) A plot of [neomycin]/relative molar ellipticity vs [neomycin}/relative fluorescence.

In order to confirm that the drug-induced fluorescent changes of HHI6-F are associated with
conformational changes in the RNA, the binding of neomycin was monitored by circular dichroism (CD)
spectroscopy. We titrated HHI6-F (1 uM) with increasing concentrations of neomycin (0.1 puM to 1 mM) and
observed changes in the CD spectra that were strongly correlated to those observed in the fluorescence titrations
(Figure 2B). Low concentrations (0.1 to 7 uM) of the aminoglycoside led to an increase in the molar ellipticity of
the positive peak (266 nm) with a concomitant red shift (2 nm). At concentrations >100 uM, neomycin binding
to HH16-F caused a marked decrease in the molar ellipticity at 266 nm and a further red shift of 2 nm. The CD
changes agree well with the fluorescent changes as shown in Figure 3D which correlates the relative fluorescence
with relative molar ellipticity (a linear curve fit gives y = 1.37x - 0.36; R = 0.99), Together, the fluorescence and
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CD experiments reveal that the hammerhead ribozyme undergoes a series of neomycin binding modes that are
associated with distinct conformational changes.

In summary, we have shown that attachment of fluorescein to the hammerhead ribozyme allows detection
and quantitative reporting of the binding of organic molecules that do not contain distinct spectroscopic markers.
Fluorescence spectra of the ribozyme complex undergo specific changes upon neomycin binding which clearly
reflect conformational changes as shown by direct comparison with CD spectra. Furthermore, multiple neomycin
binding modes have been identified in this study, which were not observed previously. The hammerhead
ribozyme serves as an excellent model system for this study because the drug-induced fluorescent changes can be
compared directly with inhibition of ribozyme activity, which serves as an internal check for drug binding. We
anticipate numerous applications of this method with other types of fluorescently tagged RNAs. For example,
dye-labeled RNAs can be used to determine novel drug-binding modes, examine drug-induced conformational
changes in the RNA, and allow for real-time monitoring of drug binding to RNA.
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