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Although the mechanism of action of clinically important
antibiotics entails binding to ribosomal RNA,1 RNA has in the past
not been targeted systematically for drug development. However,
this situation is changing. One reason for this is the increased
understanding of structural and energetic characteristics of binding
processes, with more 3D structures of RNA alone and in complexes
with both proteins and ligands being reported.2 Targeting RNA gives
drug developers a different approach to fight pathogens and
diseases.3

Use of saturation transfer difference (STD) NMR to detect and
characterize the binding of low molecular weight compounds to
proteins has found utility in recent years.4 Until now, however, there
has been little effort to target RNA in STD NMR experiments to
detect small molecule interactions.5 For this study, a small RNA
(27-nucleotide; 9 kDa) was selected explicitly to challenge the
methodology. The short correlation timeτc inherent to a molecule
this size leads to slow spin diffusion rates in the target and reduced
saturation transfer to the bound ligand. The reduced proton density
in RNA as compared to proteins poses an additional challenge.

Figure 1 shows the secondary structure of the model ribosomal
A-site used here. The 3D structure of this RNA alone, as well as
complexed to the ligand paromomycin, has been solved by NMR.6

The asymmetric bulge with the extra adenosine residue is the crucial
motif for ligand specificity. The reference (A, C) and STD NMR
(B, D) spectra in H2O and D2O, respectively, of A-site RNA are
displayed in Figure 1. A band-selective saturation pulse was used
here, which results in a higher S/N ratio as compared to single
Gaussian pulses.7 To reduce molecular motion, all experiments were
performed at 10°C. Good results are obtained with the irradiation
frequency at 8.1 ppm, which is made apparent by comparing relative
intensities of the reference and STD NMR spectra. Many exchange-
able and nonexchangeable base protons resonate in this region and
are consequently saturated directly. Magnetization spreads into all
spectral regions during the 4-s saturation time although with
different efficiencies in D2O and H2O, respectively.

Figure 2 shows the STD signal intensity buildup of two spectral
regions of RNA in H2O (A) and D2O (B) with increasing saturation
periods. The circles represent the saturation time profile for the
region from ca. 7.5-8.5 ppm, whereas the triangles correspond to
the region from 4 to 4.6 ppm. The saturation time experiments in
D2O reveal that the intensities have not reached their maximum
even at a saturation time of 6 s. In H2O, in contrast, the STD effect
has already reached its maximum after 3 s of saturation. Another
observation is that the STD signal intensity is much reduced in the
STD spectra recorded in H2O. The STD effect levels off at 50%
for the base proton region and at 30% for the ribose proton region.
The STD effect in D2O for the same regions reaches values of 90

and 70%, respectively. One can also observe that about 25% of
the base proton intensity in the STD spectrum is due to the direct
saturation at 8.1 ppm, which is present immediately and does not
need to be transferred by spin diffusion. This can be seen by the
initial jump with only 0.2 s saturation.

The source for the reduced STD signal intensity in H2O is the
enhanced longitudinal relaxation rateR1. The largerR1 is, the faster
a steady state between saturation and relaxation is reached. The
data presented here exemplify this effect. In H2O, R1 is larger
because water protons provide a rich source of unsaturated protons
serving as a relaxation sink. This process is effective because both
the minor and the major grooves of the RNA are hydrated.8 In
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Figure 1. (A, C) Reference and (B, D) STD NMR spectra of 0.1 mM
A-site rRNA in H2O (A, B) and D2O (C, D); 256 and 64 scans were acquired
for the STD spectra B and D. STD NMR spectra were irradiated at 8.1
ppm as indicated by the arrow. The secondary structure of the model A-site
RNA is also displayed with the boxed residues corresponding to the natural
A-site.

Figure 2. Plots showing the STD signal intensity of two spectral regions
of the RNA. (A) and (B) correspond to signal intensities recorded in H2O
and D2O, respectively. Circles indicate intensities of the directly saturated
aromatic proton region of 7.5-8.5 ppm, and triangles reflect the ribose
proton region from 4 to 4.6 ppm.
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addition, exchanging amino, imino, and hydroxyl protons leads to
magnetization losses.

STD experiments with small RNA targets in D2O should be
performed with saturation periods of 4 s ormore, whereas in H2O,
ca. 2 s issufficient due to largerR1 values. In general, it will be
more practical to use D2O in STD NMR experiments with small
RNA targets, because an extra spectral window from ca. 6.0-7.3
ppm is available for observing ligands and the STD spectral
intensities can be larger.

The STD technique works most readily with rapidly exchanging
ligands.4b We expressly chose to demonstrate the methodology with
a more challenging system entailing a ligand that exchanges slowly.
We prepared a D2O sample of 0.1 mM RNA and 15-fold excess of
paromomycin (1). The aminoglycoside binds A-site RNA withKD

) 0.2 µM. For NMR-based screening, this corresponds to a high
affinity interaction. Because of slow exchange between bound and
free species, only small STD signals are expected.

Figure 3 shows reference (A) and STD NMR (B) spectra. In the
shaded region of the spectra, all but three resonances correspond
to the ligand (cf. Figure 1). The asterisks mark three anomeric
proton signals of (1) at 5.3, 5.4, and 5.8 ppm. Any small molecule
signal in the STD spectrum results from that molecule binding to
the receptor. The STD spectrum in Figure 3B clearly shows signals
from the drug, demonstrating binding. In spectral regions with
overlapping signals, differentiation between RNA and ligand STD
signals becomes more difficult. Also, both ligand and RNA signals
show exchange broadening, further reducing resolution. Use of
higher ligand excess is of advantage here because it leads to sharper
signals of the exchange broadened ligands. We have unpublished
results showing that differentiation between ligand and RNA STD
signals is more straightforward with weaker affinity ligands. Under
those conditions, the ligand STD signals reach higher values and
are therefore easily identified. We have also tested this system with
up to 10% deuterated DMSO, and no negative effects on the STD
spectra were detected. Using a relaxation filter to reduce or eliminate
RNA background signals, useful in STD NMR experiments with
proteins,4a,bis not feasible for this small RNA because theT1F values
are too long.

Similar sensitivity reductions and/or background signals of the
RNA are experienced in most of the ligand-based NMR screening
experiments because, ultimately, the small size and low proton
density of the RNA result in longT1F values and a reduced
intermolecular cross-relaxation rate. The consequence is that the
ligand excess region in which WaterLOGSY or diffusion NMR
experiments are possible is equally reduced. Because high ligand
excess does not lead to false negatives in STD experiments, it is
possible to use a larger excess to observe sharper lines for exchange-
broadened signals. What holds true for any type of NMR screening
experiment is that once the system is optimized for a specific ligand,
competition experiments can provide a simple indicator for binding
effects and for calculating affinities.4b,5d

In conclusion, we demonstrated that a D2O solution is preferable
for STD NMR experiments with small RNA targets due to reduced
R1 rates and the extra spectral window available from ca. 6.0-7.3
ppm. Furthermore, binding of the high affinity ligand paromomycin
was easily detected from the STD spectra. As with other NMR
screening procedures, this method has advantages relative to most
other non-NMR screening methods: observation of a direct effect
precludes false positives, and ligands can be identified in a mixture.
The main application for these experiments will be low-throughput
screening of focused libraries in drug discovery and optimization.
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Figure 3. (A) Reference and (B) STD NMR spectra of 0.1 mM RNA in
the presence of 1.5 mM paromomycin (1); 256 scans were acquired for the
STD spectrum. The arrow indicates the irradiation frequency at 8.1 ppm.
Asterisks indicate the anomeric proton resonances of paromomycin. In the
shaded region, all but three resonances originate from the ligand.
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