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The design of RNA binding ligands is complicated by issues of specificity, target flexibility, and the tractability
of known RNA inhibitors toward chemical derivitization. To address these difficulties, an RNA-directed
fragment compound library is presented. We began with an analysis of 120 small molecules with reported
RNA-binding activity. Calculated physical and chemical properties for the RNA ligands are comparable to
those of ligands for established protein drug targets. To ensure that our library contained RNA-binding
functionalities that might not be detected by the above comparisons, 114 fragment compounds were purchased
on the basis of similarity to substructures of RNA ligands. Five “hits” were identified for the decoding site
from the bacterial ribosome by NMR. These included fragments derived from A-site binding ligands but
also compounds not previously identified as A-site binders. Hits generated in this manner can be used to
probe the interaction surface of RNA and its conformational plasticity, facilitating structure-based optimization.

Introduction

Strong evidence exists for the importance of RNA as a drug
target.1,2 X-ray structures of clinically used antibiotics bound
to ribosomal subunits demonstrated that these drugs contact
primarily RNA.3-5 Structured elements in untranslated regions
of viral mRNAsa,6-8 are needed for viral growth. Genomes of
higher organisms contain a surprising amount of noncoding
RNA, which is not translated into proteins.9 The roles so far
discovered for these RNAs raise the possibility that small
molecule drugs targeted at RNA could be used to treat cancer,
neurological, and genetic diseases.10-12 Small molecule RNA-
binding ligands may be useful as “knockdown” probes for RNA
function. Ligands that can modify or cleave a target RNA may
be even more potent as therapeutics and functional probes.13,14

Efforts to target RNA molecules from HIV15-18 and the
bacterial ribosome19-21 produced a number of novel chemical
entities with potent binding. However, existing drugs that target
RNA have been identified through serendipity.

The polyanionic and highly solvated character of RNA
presents unique challenges for medicinal chemistry.2 RNA
conformational flexibility complicates structure-based drug
design,15 and, particularly, the application of in silico docking
to RNA.22-25

In recent years, fragment-based strategies combined structural
biology with careful library design to develop viable clinical
drug candidates targeted against proteins.26-28 These strategies

begin with careful design of a screening “fragment” library
consisting of “leadlike” molecules.29-31 Typically, fragment
compounds are of low molecular weight (<300), contain two
or more polar groups, and a moderate predicted log P (where P
is the partition coefficient for the compound in a water/octanol
mixture). Fragments are screened for weak binding to the
molecular target. In contrast to standard in silico docking
protocols, a rigid, preformed target conformation is not assumed.
As a framework for computational structure-based design, a set
of fragment hit/target complex structures is superior to a single
apo-structure.

The fragment approach has potential to address the distinct
challenges posed by RNA. It can probe conformational flex-
ibility. Cheminformatics tools used to design libraries can be
applied to the special medicinal chemistry issues presented by
RNA. A handful of studies discovered RNA-binding ligands
by screening generic fragment libraries against RNA targets.32-35

However, none of the reported RNA fragment screens utilized
a fragment library specifically designed to enhance the prob-
ability of binding to RNA.

Here, we report the design of an RNA-directed fragment
library. We assembled a database of 120 small molecule ligands
that, according to literature, bind directly to an RNA. We show
that known RNA binding ligands, in their calculated physico-
chemical properties, span a range comparable to those of ligands
for kinases and proteases. We therefore chose 114 RNA-focused
fragments via direct incorporation of compounds with similarity
to substructures of RNA ligands. We screened the library for
binding to a 27 nucleotide oligonucleotide incorporating the
binding site for aminoglycoside antibiotics36 and obtained a set
of hits, including at least two compounds that had not been
previously reported as ribosomal decoding site binders. Our
RNA-directed fragment library provides a powerful tool for
identifying novel chemical starting points for design of RNA-
binding ligands.

Experimental Details

RNA-Binding Ligand Database. The RNA-binding ligand
database was assembled by searching published literature for reports
of small molecules binding to any RNA molecule. A small molecule
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was defined as a nonpeptidic or peptido-mimetic ligand, although
natural products such as thiazole antibiotics, which contain peptidic
linkages, were included. Ligands were only included when the
reported Kd is less than 50 µM. Where a series of chemically similar
compounds was reported to bind to an RNA, the ligand with the
strongest reported affinity was chosen as a representative, together
with any other member of the series that contained a chemically
distinctive substituent, provided that the latter fit the Kd criteria.
The full list of compounds together with references is included in
the Supporting Information.

Descriptor Comparison of Ligand Sets. Seven ligand databases
were analyzed: the RNA-binding ligand database, the NCI/DTP
Open Chemical Repository (NCI) diversity set prepared for use
with AutoDock, the 327 compound University of Pittsburgh Center
for Chemical Libraries and Library Development (UPCMLD)
diversity set, the 211 nonredundant entries from the first 300 entries
of the Ashgate Drug Index (purchased from CamSoft), a set of
626 protein-binding ligands, a set of 162 kinase binding ligands
and 353 protease binding ligands, the latter three identified from
the PDB as described (see below). Each ligand set was imported
into MOE (Molecular Operating Environment, CCG) as a set of
SD files. The NCI and UPCMLD libraries were downloaded as
SD files, while the RNA-binding and Ashgate sets were manually
drawn using ChemDraw and exported as SD files. Protein binding
ligands were downloaded from the PDB Web site as sdf files.

In a few cases, outliers were observed in descriptor values that
distorted overall distribution statistics for specific descriptors. The
descriptors in question were recalculated with the outlying ligand
excluded. This exclusion was applied only when (1) the mean
descriptor value for the ligand set was changed by greater than a
standard deviation as a result of the value calculated for a single
ligand and (2) similar ligands had very different descriptor values,
suggesting that the program may have encountered a problem in
executing the calculation in question. It was never necessary to
exclude more than one ligand from any given database for any given
calculation, except for the protein-binding ligand set, for which five
SD files that generated nonphysical chemical connectivities had to
be excluded.

Fragmenting of Data-Basing Ligands. Each reported RNA-
binding ligand was subdivided using ChemDraw. Fragmentation
points were chosen at “linker” positions next to rings. The primary
criterion for fragmentation corresponded roughly to prioritization
rules 2 and 3 for scaffold formation as proposed by Schuffenhauer
and colleagues.37 However, as our purpose was to preserve all
potential RNA-binding entities from all fragments, rather than
preserving only a scaffold, other prioritization rules were not
relevant. Where multiple bonds separated two ring moieties, the
linker segment itself was treated as a fragment. In general, we aimed
to obtain products that fit the molecular weight criteria for leadlike
fragments (MW < 250). In a few cases (e.g., tetracycline) polycyclic
rings did not present obvious fragmentation points for products this
small. In those instances, the polycyclic ring was broken into
components containing, for example, two to three rings each, but
the original compound was also included as a fragment. Very large
macrocycles, such as those occurring in some macrolides, were
retained intact for the clustering analysis.

PDB coordinate sets for 25 of the database ligands bound to
their respective RNA targets were examined to determine which
ligand fragments were in contact with RNA. Every fragment of
every RNA binding ligand examined was found to have contacts
within 3 Å heavy atom to heavy atom distance to the RNA. Because
of this finding, we proceeded with the assumption that virtually all
fragments of RNA binding ligands are likely to make contact with
RNA, and no ligand fragments were discarded on the basis of
structural contact criteria.

Clustering of Fragments of RNA-Binding Ligands. The
descriptors for clustering and related details are available in the
Supporting Information.

A representative fragment was chosen from each descriptive
cluster. At that stage, because of the overlap between components
of the descriptive and fingerprint clusters, some fingerprint clusters

were already represented. One fragment was then chosen to
represent each of the original 53 fingerprint clusters that was not
already represented. Thirteen more fragments were chosen to
represent fingerprint subclusters that were at that stage still
unrepresented.

Selection, Plating, and Quality Control (QC) of Library
Compounds. These are described in Supporting Information.

Screening of Fragments for Binding to the Bacterial
Ribosomal A Site RNA. Instrumentation used and buffer conditions
were as described for QC in Supporting Information. One-hundred-
two compounds were screened in 29 mixtures of 3-4 per tube,
containing the same buffer as the QC spectra but with 10 µM A-site
RNA. Running the experiment with excess ligand has the advantage
of amplifying the bound signal.38 A competitor with known binding
to the A-site RNA, gentamycin, was added to a concentration of
30 µM, and experiments were repeated with identical parameters
for each mixture. Spectra from a hit compound are identified from
the following characteristics: a positive signal in the water-LOGSY
spectrum (320 scans, 1.2 ms mixing period) and a reduction in
signal in the T2 filter experiment (128 scans, 300 ms T2 filter period)
relative to the 1 d experiment with excitation sculpting. We expected
that hits that bind specifically to the aminoglycoside binding site
show a reduction in positive signal in the water-LOGSY and some
recovery of signal in the T2 filter experiment when gentamycin is
added. However, gentamycin is a relatively weak affinity ligand
compared to competitor ligands commonly utilized in fragment
screening against kinases. Ligands that showed small or ambiguous
indications of competition with gentamycin were further tested as
described below.

Follow-Up of Fragment Hits. Hit candidates as identified from
the library screen were tested directly for binding to the A-site RNA.
Buffer conditions were 10 mM NaCl, 10 mM Na phosphate pH
6.7, 0.1 mM EDTA in 700 µL of 90% H2O, 10% D2O. Compounds
were included singly as shown at 200-300 µM. Water-LOGSY,
T2-filter, and 1D Watergate and excitation sculpting experiments
were acquired on a 700 MHz Varian NMR spectrometer with an
HCN cold probe. A long acquisition (number of transients ) 1024)
1D Watergate spectrum with a large sweep width (24 ppm) was
performed to obtain a spectrum of the RNA imino resonances.

Results

RNA-Binding Ligand Database. The first step in designing
an RNA-focused fragment library is to determine principles that
can enhance the probability for selecting RNA-binding com-
pounds. We assembled a list of compounds that have been
reported to bind to any RNA with a Kd in the range of 50 µM
or stronger. A few ligands were included for which the reported
Kd was not available, if a PDB coordinate set existed showing
the ligand bound to an RNA. We incorporated compounds from
a variety of sources, including antibiotics, riboswitch effectors,
and products of in vitro drug design studies. We intended to
limit redundancy in the database while including as much of
proven RNA-binding chemical space as possible. Compounds
that belonged to similar chemical classes were included if they
incorporated distinct chemical moieties that were not present
elsewhere in the list. Altogether, 121 compounds were included.
A list of the RNA-binding ligands, together with documentation
regarding the reported binding target and activity of each, is
included in Supporting Information (Table S1).

Comparison of RNA-Binding Ligands to Drug, in Silico
Screening, and Protein-Binding Ligands. Screening library
design typically includes filters that ensure that library com-
pounds fit criteria for “druglikeness” and/or “leadlikeness”. At
this “proof-of principle” stage in our investigations we do not
wish to be limited by these restrictions, and we consider that
any designed RNA-binding ligand provides valuable insights
into RNA recognition. Nonetheless, we wish to determine
whether there is a correlation between physicochemical proper-

3754 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 12 Bodoor et al.
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ties and RNA-binding and whether such properties may conflict
with those required for drug design. We used MOE to calculate
the distribution of values for a set of conformation-independent
physicochemical descriptors for the RNA-binding ligand set.
For comparison, we analyzed a similar sized data set derived
from the Ashgate Drug Index (CamSoft). These compounds are
in commercial use as therapeutic drugs. In addition, we ran a
similar analysis on two publicly available “diversity” (from the
National Cancer Institute (NCI) and the University of Pittsburgh
Center for Chemical Methodologies and Library Development
(UPMCSD)) sets commonly used for virtual screening/in silico
docking exercises. We also calculated descriptor values for two
ligand sets obtained by searching the protein databank (PDB)
for small molecules identified as binding to kinases and
proteases. Both these classes of proteins include well established
drug targets. Finally, we formulated a ligand set of manageable
size that could be taken to represent ligands binding to any
protein in a “generic” sense (see methods section).

Comparative analysis of these ligand sets is shown in Figure
1 and, in more detail, in the Supporting Information. For all 35
physicochemical descriptors computed, the average value for
the RNA-binding set was within a standard deviation of that
for each of the other five ligand sets. In a few cases, discussed
in more detail in the Supporting Information, there were small
differences in the distribution of values for the four databases.

Average values for most 2D descriptors correlate with the
molecular weight. Average molecular weight is largest for RNA
and protease binding ligands (near 500), whereas average
molecular weight is slightly over 300 for the Ashgate and NCI
sets. Average values for total surface charge, fractional positive
charge, and the topological polar surface area (TPSA)39 are
higher for the kinase binding ligands than expected on the basis
of molecular weight.

We had set our threshold for RNA binding activity at a
relatively weak level (Kd < 50 µM) in order to ensure a thorough
exploration of RNA-binding chemical space for our fragment
library design below. In order to probe the possibility that by
doing so we may be somehow diluting the distinctiveness of
our RNA-binding ligands, we repeated the analysis with a subset
of 67 ligands with reported Kd of less than 3 µM (Table 1).
Again, the average value for each descriptor was within a
standard deviation of the average for the comparison ligand sets.
The average molecular weight is slightly higher for the set of
submicromolar RNA ligands than it is for the complete RNA
ligand set, as are the average values for the correlated 2D
descriptors. This effect, together with a small increase in TPSA,
suggests that the large, polar, and chemically complex ligands
pick up affinity through a larger surface area of interaction.

Choice of Fragment Library Ligands. Our analysis con-
vinced us that development of RNA binding ligands is not
intrinsically incompatible with drug development, but it gave
us no obvious “rules” for choosing compounds with propensity
to bind RNA. This result does not preclude the likelihood that
a finite set of chemical moieties constitute a “privileged”30 RNA
binding set. The special properties of these functionalities may
be too subtle or complex to detect using standard descriptors.

We proceeded with a strategy (Figure 2) to build our library
as directly as possible from fragments of compounds with
proven RNA-binding propensity. Data base ligand structures
were “cleaved” in silico (see Experimental Details). Alto-
gether approximately 250 fragments were identified. Many
of these fragments are chemically similar. Therefore, we
clustered the fragments, first, based upon chemical descriptors
and, second, based upon molecular fingerprints using MOE

(Figure 3). Altogether this process produced 55 descriptive
clusters and 53 fingerprint clusters. We wished to represent
each cluster in our library, but we noted that a disproportion-
ate fraction of the original fragments were represented in
two fingerprint clusters (Table 1, Figure 3, Table S3). We

Figure 1. Average values and standard deviations for physicochemical
descriptors for nine ligand sets. For each ligand set, two bars are shown:
the mean value is shown on the left and standard deviation on the right.
RNA: 125 ligands reported to bind RNA with Kd < 50 µM. NCI: 1944
NCI diversity set compounds. Pittcon: 327 UPMCSD virtual screening
set. Ashgate: 211 Ashgate Drug Index compounds. RNA_sub: 67
compound subset of RNA ligands with reported Kd < 3 µM. Fragments:
109 compounds that underwent QC for RNA-directed fragment library.
Kinase: 162 kinase-binding ligands identified from PDB. Protease: 282
protease-binding ligands identified from PDB. Protein: 628 protein
binding ligands identified from PDB. The following plots are shown
(from left to right): (a) molecular weight, (b) Chi0v (zero order atomic
valence connectivity index)53, (c) topological polar surface area39, (d)
hydrogen bond acceptors as defined by Lipinski54, (e) simulated log of
the partition coefficient in a water/octanol mixture, (f) positively charged
fraction of the summed partial charge.

Table 1. Clustering Statistics

parameter value

no. of descriptive clusters 55
no. of fingerprint clusters 53
subclusters of fingerprint cluster 3 71
sublusters of fingerprint cluster 74 19
total RNA-binding ligand fragments 260
total clusters + subclusters 198
compounds purchased 114
fragments passing QC 100

RNA-Directed Fragment Library Journal of Medicinal Chemistry, 2009, Vol. 52, No. 12 3755
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judged that these clusters may represent a region of chemical
space with particularly favorable RNA-binding propensity.
We therefore further clustered these ligand subsets with the
aim of achieving a “denser” representation of the corre-
sponding chemical space regions.

We searched for at least one purchasable compound that could
represent each cluster, and some subclusters, which had been
identified through the above process. Figure 4 shows an example
of a descriptive cluster together with the original ligand
fragments composing the cluster and the purchasable fragment(s)

chosen to represent the cluster. A more exhaustive catalogue
of clusters and purchased fragments for the library is included
in the Supporting Information (Table S3).

Altogether, 102 compounds were initially selected, purchased,
survived quality control, and were plated as described in
Experimental Details.

Cheminformatics Analysis and Quality Control of the
RNA-Directed Fragment Library. We subjected the com-
pounds that we had chosen for the RNA directed fragment
library to the same descriptor analysis that was described

Figure 2. (a) Schematic illustration of the need for selecting RNA-directed compounds for screening for binding to RNA. While we can assume
that there is some overlap between the regions of “chemical space” with the propensity to bind to RNA or to proteins, it is likely that the probabilities
for binding to the two classes of target will differ in any given region. Generic and commercial screening libraries, designed to cover the overlap
between protein-binding and “druglike” chemical spaces, yield low hit rates for RNA targets. Note simplifications: for example, regions of RNA-
binding space (and other subregions) are not necessarily contiguous. (b) Schematic of overall strategy for selection of an RNA-directed fragment
library and for screening the library against RNA. Fragment library compounds are derived from the database of RNA-binding ligands. NMR is
used to screen the library for compounds that bind with weak affinity to the RNA target. The complexes of these compounds with the RNA go into
structural studies and provide a starting point for structure-based design of more potent ligands.

Figure 3. (a) Distribution of number of fragments per cluster derived from fragmenting RNA-binding ligand structures in silico and clustering the
resulting fragments according to physicochemical descriptors. (b) Distribution of number of fragments per cluster derived from fragmenting RNA-
binding ligand structures in silico and clustering the resulting fragments according to chemical fingerprints. Over half of the fragments were clustered
together in either cluster 3 or 71. These two clusters were further subclustered (see text).

3756 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 12 Bodoor et al.
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above for the ligand, drug, and diversity sets. Being of smaller
molecular weight (on average) than the other sets, the
fragment compounds show a more “leadlike”31 (though still
not rigorously leadlike) distribution of descriptor values than
any of the ligand sets. This result illustrates one of the
important advantages of the fragment strategy. Our fragments
are able to span a chemical space derived from bulkier,
chemically more complex compounds.

Before being added to RNA for screening, each fragment
compound was subjected to a quality control process (described
below). Briefly, the integrity and solubility of each compound
were tested by inspection of a one-dimensional NMR spectrum.
Each compound was also subjected to the full suite of NMR
experiments to detect ligand binding. The latter spectra are stored
in a database and provide “control” spectra for comparison to
screening data.

Screen of Fragment Library for Binding to the
Ribosomal Decoding Site (“A-Site”) RNA. We used NMR
to screen the fragment library for weak affinity binding to a
27-residue oligonucleotide containing the internal loop
sequence from the decoding site of the E. coli 16S rRNA
(the “A-site” RNA). The sequence of the oligonucleotide was
identical to that used in previous NMR studies of the A-site
structure and its interaction with antibiotics.36 We chose this
target for our first fragment library screen because the same
ribosomal site was the target for several of the known RNA-
binding ligands that provided the source of our fragment
structures.

Altogether, 102 compounds were screened for A-site
binding in 29 mixtures of three to four compounds, each at
200 µM concentration, through the acquisition of four 1D
NMR experiments on each mixture. Each sample contained
10 µM RNA. The four experiments were chosen to include
one that detects signal from bound ligands (water-LOGSY),
one that filters out signals from bound ligands (T2-filter), and
two routine spectra acquired with alternative solvent sup-
pression schemes. The screening experiments work on the
principle of detecting ligand signals, through the transfer of

magnetization properties from bound to free signal via
chemical exchange. Figure 5a shows an example of the
screening results for one mixture.

Five hit compounds were verified through follow-up experi-
ments performed at higher sensitivity on a 700 MHz spectrom-
eter with a cold probe and a long acquisition time in order to
detect imino signals from the RNA. The latter are diagnostic
of RNA base pairing. Chemical shift change and/or line
broadening in this region indicates ligand contact with the RNA.
Figure 5 shows examples of follow-up screening experiments
(Figure 5b) and imino spectra (Figure 5c) for hit compounds
mixed with A site RNA. The set of hits includes compounds
that have been, or that are closely related to compounds that
have been, previously reported as A-site binders, and at least
two fragments that, to our knowledge, have not been reported
as binding to the RNA in question.

The initial screen was followed by a “competition screen”
with the known A-site binding ligand, gentamycin, present.
The competition experiment indicates which, if any com-
pounds, bind specifically to the known “active site”. Some
of the hit compounds showed reduced evidence of binding
(Table 2 and Figure 5). However, some hits, such as
2-aminoqunoline (2), which has been reported as a component
of an A-site active site binder, did not show reduced evidence
of binding upon addition of competitor. This result may
indicate that the competitor ligand does not bind tightly
enough to fully displace the fragment hit. Alternatively, the
fragment may be capable of binding in the same region, or
other parts of the RNA, simultaneously with the competitor.
In the case of compound 2, the result is complicated by
competition with acridine (4), which happened to be present
in the same initial mixture.

Discussion

Properties of RNA-Binding Compounds. The average
values for molecular weight, the correlated 2D descriptors,
TPSA, sum of partial charges, and fractional positive charge
for the RNA ligand set are relatively high. These averages reflect
the component of the ligand set that includes bulky, chemically
complex natural product antibiotics, including aminoglycosides
and macrolides. Though many of these ligands are clinically
useful drugs, they do not fit the classical paradigm of druglike-
ness. TPSA, which is correlated to the number of hydrogen bond
donors and acceptors, is exceptionally large for aminoglycosides
and macrolides. It is sometimes considered to be a predictor of
oral absorption.40

Our cheminformatics analysis of RNA-binding ligands did
not reveal distinct properties that can be characterized using
standard physical and chemical descriptors. Nonetheless, the
hypothesis that the properties of RNA-binding ligands are
dependent upon the properties of RNA, and that therefore
their distribution in chemical space will differ from that of
the set of protein-binding ligands, is not disproved. Clearly
there is overlap between these regions of chemical space, as
many small molecules are known to bind both. Yet medicinal
chemists are well aware of chemical functionalities that are
commonly found in nucleic acid binding ligands and often
select to avoid them. The chemically complex ribosome-
binding antibiotics in particular not only violate standard
druglikeness rules but also present a huge synthetic challenge.
Screening of “generic” fragment libraries against RNA targets
is therefore likely to miss some of the most important RNA-
binding moieties. Our library is designed to “rescue” these
functionalities from their presumably undesirable natural

Figure 4. (a) Fragments of RNA binding ligands grouped together as
“descriptive cluster 40”. (b) Library compounds that represent chemical
space surrounding that covered by cluster 40. The fragment on the left
has been chosen to represent the given cluster. The other two fragments,
representing other descriptive or fingerprint clusters, nonetheless have
similarity to a consensus structure represented by cluster 40.

RNA-Directed Fragment Library Journal of Medicinal Chemistry, 2009, Vol. 52, No. 12 3757
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product context and to present them to RNA targets in a more
“leadlike” form. One important qualification to this statement
is that at this stage our library is not restricted to compounds
that fit classical criteria for leadlikeness. For example, sugar
moieties that are not generally considered as good lead
candidates are included because of their proven role in RNA
recognition. Our fragments are more leadlike than the original
ligand sets.

Test Screen of the RNA-Directed Fragment Library. We
chose the A-site RNA as our first target to enhance the chances
of obtaining hits from “control” fragments. For example,
2-deoxystreptamine41 1 and 235 had already been reported in
the literature as A-site binding ligands. The latter was discovered
from a generic fragment library screen and incorporated into a
stronger affinity derivative, which was then included in our
original database. Thus, as we anticipated, we have recapitulated
interactions discovered in the literature. On the other hand, we
also obtained and confirmed A-site RNA binding by 4 and
lysinamide 5. Though the A-site RNA has been subject to
intense ligand binding studies and drug design efforts, including
a screen against 10 000 compounds in the above-cited study,35

we could not find a report of binding by these two common
compounds. That the strategy depicted in Figure 2, with the
RNA-directed fragment library, was able to identify novel
ligands for such a well-characterized RNA bodes well for the
prospects of identifying novel chemical starting points for other
RNA targets.

Screening the RNA Fragment Library against Other
RNA Targets. During the course of this study, we learned
lessons regarding the process of screening fragments for weak
binding to RNA using NMR. Some binding fragments do not
produce positive signals in the water-LOGSY (see Figure 5).
In these cases, the original screen gave an ambiguous result.
Only in the follow-up screen, in which the spectrum of the
excess ligand mixed with RNA is compared to that without
RNA, does the binding become clear. In that case, the compound

Figure 5. (a) Screening data. The sample contained a mixture
including compounds 2 and 4 and two nonbinding compounds,
together with 27 nucleotide A-site RNA. From top to bottom: water-
LOGSY, without and with gentamycin competitor, 1D spectra with
excitation sculpting (T2-filter period of 0 s) and with (0.3 s) T2 filter,
without gentamycin, and repeat of the excitation sculpting 1D with
and without T2-filter with gentamycin present. Competition of 4 for
the gentamycin site is evident from the recovery of signal in the
T2-filter experiment, although little competition is observed in the
water-LOGSY. Binding of compound 2 is indicated by signals near
6.9 and 7.3-8.1 pm in the water-LOGSY. A nonbinding compound,
a furan, gives negative signals between 6.5 and 6.9 ppm. (b) Follow-
up experiment confirming binding of 4 to A-site RNA. Water-
LOGSY, T2-filter, and 1D data are shown with (blue) and without
(black) RNA. (c) RNA imino resonances from samples containing
10:1 excess of the respective compounds. Compounds 1, 4, and 5
all interact with the RNA, as indicated by shifts in imino resonances,
notably in the signal for the G1491 residue (near 12 ppm), indicating
that all bind near the active site. The spectrum in the second panel
from the top, shows no change from the “free RNA” control,
indicating that diethyl nicotinamide does not bind A-site RNA.

Table 2. A-Site Fragment Hits
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mixture in the water-LOGSY in the absence of RNA produces
negative signals that are reduced when RNA is added. Signals
from some ligands become broad in the presence of RNA,
leading to poor sensitivity. Ligands containing exchangeable
protons give stronger water-LOGSY signals than those that do
not contain protons that are capable of exchange with water.
The hit rate reported in this study should be seen as a lower
limit of that achievable with the library, since potential hits may
have been overlooked in the initial screen.

An alternative NMR screening method used by the Abbot
group35 used a 1D imino spectrum, with and without ligand
present, as a primary screen for ligand binding. As Figure 5c
shows, this can be an effective strategy, but it requires larger
amounts of RNA and/or instrumentation of greater sensitivity
than the ligand-detecting experiments. A good compromise may
be to add an initial ligand-detected screen with compound
mixture alone before adding RNA and to follow-up putative
hits via the 1D imino measurement. A recent study of in silico
hits from a “virtual screen” utilized a saturation transfer
difference (STD) experiment to identify RNA binding ligands.42

In our hands the STD experiment is less sensitive for RNA than
water-mediated transferred NOE experiments, as has been
reported by others.32

Hit rates may be increased by screening against larger RNA
targets, such as riboswitches. Larger RNAs form tertiary folds
that in turn produce suitable binding pockets for the small ligand.
Ligand-detected NMR methods rely on differences in size
between free species and bound complex and therefore become
more sensitive for large molecular weight targets.

Lessons have also been learned in choice of fragment
compounds. We did not impose a lower molecular weight
limit. We noted that pyrimidines of molecular weight less
than 100, often used as a lower limit in the selection of
fragments, have been previously been identified as ribosomal
A-site binders. However, in our NMR screen we were unable
to reproduce a clear indication of binding to our A-site RNA
for these ligands.

Optimization of Fragment Hits. A second stage of ligand
design can link hit fragments or synthesize/select larger
compounds that contain the initial hits as substructures. A
number of quantitative assays, such as fluorescence-based
assays,15,43,44 mass spectrometry,34 or surface plasmon resonance
(SPR),45 are available to screen the second round of compounds
for RNA binding. Ligands that have been identified through
assays of ribozyme cleavage activity46 have not been included
in our database, since these measurements do not directly
provide a Kd for binding. Nonetheless, these assays may detect
relatively weak binding. Moreover, ligands identified in this way
clearly bind to RNA and provide additional material for
expanding the library.

Conclusion

This study represents a first step toward the development
of an RNA-directed cheminformatics. We hope that such a
development will be realized in the coming years, exploiting
the ligand databases that we and others are assembling. At
this time, we have not uncovered a set of clearly definable
criteria that can be applied across the range of RNA targets
for enhancing the possibility of RNA binding. Nor have we
discovered a set of negative criteria that would preclude RNA
binding. Therefore, we have chosen our fragments to mimic
chemical functionalities already proven to bind to an RNA
in one context, in order to test for binding in other contexts.

Screening fragments of the RNA-binding ligands provide
an important advantage over screening the original ligands

directly, since the fragments will contain smaller polar and
hydrophobic surface areas than the original compounds. In
addition, starting the drug design process from a fragment
hit allows for the design of ligands with specificity for a given
RNA target. This approach contrasts with those studies that
have worked predominantly with relatively bulky RNA-
binding drugs, such as aminoglycosides, to detect binding
to other RNA targets.47-50 The latter approach tends to select
for formation of complexes driven by relatively nonspecific
electrostatic interactions involving large, polar surface contacts.

Another advantage of the fragments approach is that no prior
assumption is made regarding the target structure. By the
probing of target flexibility through multiple conformations
observed with multiple hit fragments, fragments will comple-
ment in silico screening methods recently designed to incor-
porate RNA induced fit.25,42

A drawback to our library is that it is limited to known regions
of RNA-binding chemical space. However, though this report
concentrates on the first stages of fragment-based ligand
discovery, it is important to remember that later stages will
“grow” the compound, based on substructure searches and
virtual screening from larger purchasable catalogues. These
derivatives will sample functionalities not previously known to
bind to RNA, when attached to fragment hits that will help to
direct the compound toward the RNA binding pocket. A recent
study applied template-based de novo design toward the design
of TAR RNA binding ligands.51 The de novo approach and other
such methods can be used to derive novel chemical entities from
fragment hits. Another study has applied microarray technology
to simultaneously explore ligand and RNA chemical space to
identify binding partners.52 By use of fragment hits as starting
points for ligand libraries, such methods may identify more
druglike ligands.

The RNA fragment library will be pruned and appended,
benefiting from the experience of each screen against each new
target. Additions to the library based upon pharmacophores
derived from the RNA binding ligand database and derived
fragment clusters, as well as from analysis of the surfaces of
RNA-binding motifs, will lead to the inclusion of new chemical
entities to the screening library. Later iterations will also split
the library into more and less drug leadlike sections, for the
sake of screens that are directed toward purely therapeutic goals
or for use as functional probes.
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with the largest calculated TPSA value; distribution of calculated
TPSA for eight ligand sets (Figure S1). This material is available
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