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Abstract—The need for novel antibiotics is widely recognized. A well validated target of antibiotics is the bacterial ribosome.
Recent X-ray structures of the ribosome bound to antibiotics have shed new light on the binding sites of these antibiotics, providing
fresh impetus for structure-based strategies aiming at identifying new ribosomal ligands. In that respect, the ribosomal decoding
region of the aminoacyl-tRNA acceptor site (A-site) is of particular interest because oligonucleotide model systems of this site are
available for crystallography, NMR and compound binding assays. This work presents how these different resources can be com-
bined in a hierarchical screening strategy which has led to the identification of new A-site ligands. The approach exploits an X-ray
structure of the A-site against which large and diverse libraries of compounds were computationally docked. The complementarity
of the compounds to the A-site was assessed using a scoring function specifically calibrated for RNA targets. Starting from �1
million compounds, the computational selection of candidate ligands allowed us to focus the experimental work on 129 com-
pounds, 34 of which showed affinity for the A-site in a FRET-based binding assay. NMR experiments confirmed binding to the A-
site for some compounds. For the most potent compound in the FRET assay, a tentative binding mode is suggested, which is
compatible with the NMR data and the limited SAR in this series. Overall, the results validate the screening strategy.
# 2004 Elsevier Ltd. All rights reserved.
1. Introduction

The global emergence of bacterial resistance to anti-
biotics is increasingly limiting the effectiveness of
medically used antibacterial agents.1,2 Therefore, it is
important to identify novel compounds which combine
antibiotic activity with drug-like properties. The bacter-
ial ribosome is one of the few well-validated molecular
targets against which several classes of clinically rele-
vant antibiotics are known to act.3,4 These classes
include aminoglycosides, chloramphenicol, lincosa-
mides, macrolides, oxazolidinones, streptogramins and
tetracyclines. The structures of some of these antibiotics
bound to the small (30S) or the large (50S) bacterial
ribosomal subunits were recently obtained by X-ray
crystallography.5�8 The functional relevance of these
structures has been validated by their ability to ration-
alise a large body of genetic and biochemical data.9�11
This structural information also provided crucial new
insights regarding the binding sites, binding modes and
mechanisms of action for several of these antibiotics, in
particular some aminoglycosides.

Footprinting studies12,13 have long suggested that amino-
glycosides bind to the decoding region of the aminoacyl-
tRNA acceptor site (A-site) of 16S ribosomal RNA
(rRNA). This site is involved in codon-anticodon
recognition, consistent with the aminoglycosides exert-
ing their antibiotic properties via a decrease in transla-
tional fidelity.14 Aminoglycosides tend to bind to
the prokaryotic A-site with dissociation constants in the
low micromolar range.15�17 NMR structures of RNA
oligonucleotides18�20 and crystal structures of a 30S
subunit,6 obtained with aminoglycoside paromomycin,
confirmed that this antibiotic binds in the ribosomal
decoding region, to an internal loop in helix 44 of 16S
rRNA. The binding mode of paromomycin to 30S is, by
and large, consistent with that observed in a higher
resolution (2.5 Å) crystal structure of an RNA construct
designed to mimic the A-site.21 This A-site fragment
model system, however, provided an even more detailed
picture of the interaction of paromomycin with rRNA,
emphasising the role of water-mediated contacts. This
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system has also been used to obtain the structure of the
aminoglycosides tobramycin,22 geneticin,23 and of syn-
thetic aminoglycosides24 bound to the A-site.

Comparison of the binding modes of these aminoglyco-
sides showed that their common neamine core interacts
similarly and tightly with the A-site internal loop, sta-
bilising a bulged-out conformation for the universally
conserved adenines 1492 and 1493 (Fig. 1, Escherichia
coli sequence numbering is used throughout). Disrup-
tion of the conformational dynamics of these adenines by
aminoglycosides is consistent with these adenines play-
ing a key role for the discrimination between cognate
and non-cognate tRNAs during translation,25,26 and
aminoglycosides inducing miscoding during protein
synthesis.14 Bulging out of A1492 and A1493 is there-
fore believed to be an important mechanism mediating
the antibiotic properties of aminoglycosides. This con-
formation is presumably stabilised by stacking of the
neamine ring I on G1491 and hydrogen bonds between
neamine and A1408 (Fig. 1). G1491 and A1408 are
highly conserved in bacteria, but are replaced by ade-
nine and guanine, respectively, in human cytosolic
ribosomes. Consistent with the structures, biochemical,
mutation and phylogenetic data indicate that these
sequence differences largely account for the selectivity of
aminoglycosides with respect to bacterial and human
cytosolic ribosomes.27�29 Arguably, novel A-site ligands
should maximise interactions with G1491 and A1408 to
become clinically relevant antibiotics.

This wealth of information has set the stage for a
structure-based approach to finding novel chemical
entities binding to the bacterial A-site.30�32 An increas-
ingly powerful approach to discover small molecules
binding to a target site is to computationally dock these
molecules into the 3-dimensional structure of this
site.33,34 The overall orientation of the small molecule,
as well as its intramolecular conformations, are
explored, and the interactions between receptor and
putative ligand scored for each configuration.35 This
allows ranking of libraries of existing compounds
according to their calculated interaction scores, and to
prioritise the compounds for experimental assays. This
virtual screening strategy is well established against
protein targets (see for example33,34,36�38). Indeed, the
commercially available docking engines were primarily
developed and tested for protein-ligand complexes,39�44

and only a few docking experiments against RNA tar-
gets have been presented.45�48 The output of a compu-
tational docking experiment strongly depends on the
validity of the scoring function used.35 The largely
empirical nature of these scoring functions necessitates
the development of scores specifically calibrated for
nucleic acid targets, while remaining robust at protein-
RNA interfaces. Such a scoring function has been
implemented in the docking software RiboDock,49

which can operate in high-throughput mode.

We present here how a computational screen of >1
million compounds against a crystal structure of the
bacterial A-site RNA allowed the selection of com-
pounds which were then tested in a cascade of experi-
mental assays. A number of the selected, lead-like,
compounds were active in a FRET-based assay probing
binding to the bacterial A-site. NMR data suggested
that the binding mode of at least one of these com-
pounds may be of particular interest for subsequent
elaboration.
2. Results and discussion

Starting from an electronic catalogue of over 1 million
commercially available compounds,50 computational
and experimental filters were applied in a hierarchical
way (Fig. 2). Computational filters were applied first,
since they are well adapted to handle large numbers of
compounds in a time and cost-effective way. These fil-
ters were first applied to restrict the subsequent screen
to lead-like compounds. Then, computational docking
was used to short-list compounds that are structurally
complementary to the A-site. This strategy allowed
concentrating experimental efforts on a list of 129 com-
pounds only, four orders of magnitude less than the
initial number. Binding to the A-site was assayed using
both a FRET-based assay and NMR. The compound
numbering given in Table 1 and Scheme 1 is used
throughout. These compounds were subjected to quality
Figure 1. Overall view of the bacterial A-site. (A) Sequence of rRNA
helix 44 in the vicinity of the E. coli A-site. Aminoglycosides target the
internal loop, including G1491, A1492, A1493 and A1408 (E. coli
sequence numbering). (B) Crystal structure of paromomycin bound to
the A-site rRNA (Protein Data Bank entry 1J7T21). For clarity, only
the RNA backbone trace is shown (tube), together with selected bases.
Paromomycin binds in the RNA major groove, and ring I of par-
omomycin stacks on G1491 while hydrogen-bonding A1408. These
hydrogen bonds are depicted with broken lines.
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control, the results of which were consistent with the
structures shown.

Cytotoxicity was also tested on normal human cells
(HEK293) using the Sulphorhodamine B assay, and
only four compounds (6, 11, 13, 15) were found to be
cytotoxic according to the criteria given in Methods.

2.1. Computational screening

Both theoretical51 and empirical52 arguments suggest
that lead compounds should be of relative limited com-
plexity. In view of these arguments, computational fil-
ters were first applied to the in-house electronic libraries
of compounds,50 such that only compounds with less
than seven rotatable bonds and molecular weight
between 250 and 550 were kept for docking. Application
of these filters is also expected to enrich the docking
library with compounds having favourable absorption
properties53 and for which the conformational search
during docking should be relatively efficient. This resul-
ted in a set of �890 000 compounds which were docked
into the bacterial A-site structure with the program
RiboDock.

The volume accessible to each compound during dock-
ing (Fig. 3) was focused around the region of space
occupied by the neamine moiety in the crystal structure
of paromomycin bound to the target A-site structure,21
to bias the search towards ligands which would stack on
G1491 and hydrogen-bond to A1408 (see Introduction
for the importance of these interactions). The output
of the docking was first filtered with a combination of
RiboDock score components, to select compounds
forming the most favourable interactions with the A-site
while keeping internal strain low (see Methods). A bal-
ance between the polar and apolar contributions to the
total score was kept, to remove compounds which are
overly polar. Indeed, docking to RNA leads to total
scores which can be dominated by the polar term, and
can rank very favourably compounds which can form
many hydrogen bonds with the phosphate backbone
and the exposed edge of the bases. Using solely the total
score, one may therefore select highly polar and charged
scaffolds which are unlikely to be good lead candidates
with respect to absorption and distribution properties.
We therefore selected the 2000 best ranked compounds
for which the apolar term reached a minimal threshold
(see Methods).

For the sake of computational speed, empirical scoring
functions like that used in RiboDock do not take long-
range electrostatic (Coulombic) interactions explicitly
into account. Yet, it is well documented that RNA ligands
tend to be positively charged, as required for electro-
static complementarity to RNA.54�56 It was therefore
interesting to check the overall net charge of the selected
2000 compounds. As shown in Table 2, the vast major-
ity of these compounds had a net charge of +1 or +2.
This shows that, although Coulombic interactions are
not explicitly included in the RiboDock scoring func-
tion, it is well balanced to identify compounds with a
meaningful overall net charge when targeting nucleic
acids. For the selected 2000 compounds, this charge
remained in a range compatible with drug-likeness.

The docking mode for each of these 2000 compounds
was then inspected visually, to short-list molecules with
a ring stacking on G1491 while hydrogen bonding to
A1408 whenever possible. The output of this manual
filtering was a list of 129 compounds to be tested in the
FRET assay (see below).

Examples of selected docking modes are given in Figure 4,
for compounds which were active in the FRET assay.
Although these docking modes are largely theoretical
constructs in need of experimental testing, their visuali-
sation is interesting because it shows that small organic
molecules already exist, which have a good degree of
complementarity to the bacterial A-site. For instance,
the bicyclic system of compound 1 stacks on G1491,
and its lactam moiety offers a two-pronged hydrogen-
bonding complement to the edge of A1408. Branching
off its ring system, the aliphatic chain of 1 follows the
major groove curvature and positions a positively
charged amine in a salt-bridge with a phosphate group.
This docking mode for 1 is, to a large extent, compatible
with the corresponding intermolecular NMR NOE data
(see below). This suggests that virtual screening using
empirical scoring functions can identify sensible candi-
date compounds for assay against this important
therapeutic target. These docking modes may serve as
Figure 2. Flow-chart for the overall screening cascade.
Scheme 1. Compound 35.
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Table 1. List of compounds active in the FRET assay
Structure
ID
 PAR
 1
 2
Ki,app
 12.3
 17
 18

NMR
 Yes and NOEs
 Yes and NOEs
 Yes and NOEs
Structure
ID
 3
 4
 5
Ki,app
 31
 35
 50

NMR
 Yes and NOEs
 No
 No
Structure
ID
 6
 7
 8
Ki,app
 53
 109
 111

NMR
 Yes
 No
 Yes
Structure
ID
 9
 10
 11
Ki,app
 137
 143
 146

NMR
 Yes and NOEs
 Yes
 No
Structure
ID
 12
 13
 14
Ki,app
 156
 175
 184

NMR
 No
 No
 No
(continued on next page)
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Table 1 (continued)
Structure
ID
 15
 16
 17
Ki,app
 204
 206
 206

NMR
 Yes
 Yes
 Yes
Structure
ID
 18
 19
 20
Ki,app
 212
 216
 222

NMR
 Yes
 No
 No
Structure
ID
 21
 22
 23
Ki,app
 233
 242
 246

NMR
 Yes and NOEs
 No
 No
Structure
ID
 24
 25
 26
Ki,app
 250
 251
 264

NMR
 No
 No
 Yes and NOEs
Structure
ID
 27
 28
 29
Ki,app
 283
 291
 308

NMR
 No
 Yes
 Yes
(continued on next page)
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working hypotheses for further elaboration of the
corresponding compounds by medicinal chemistry.

2.2. FRET assay

The primary assay for screening the 129 compounds
selected after the virtual screening was an A-site binding
assay, based on Fluorescence Resonance Energy Transfer
(FRET). This assay detects displacement of a fluor-
escent paromomycin derivative (TAMRA-paromomycin)
from an oligonucleotide model of the ribosomal A-site
(Fig. 5), by compounds which compete for binding to
the A-site. When bound to the RNA, FRET takes place
between the fluorescence donor TAMRA-paromomycin
and the fluorescence acceptor dabcyl group linked to
the RNA. The assay monitors the fluorescence of the
TAMRA group, which increases when TAMRA-par-
omomycin is displaced by another ligand. This assay
has been extensively validated using a range of unla-
belled aminoglycoside antibiotics.16 It is possible, how-
ever, that the conformations of the oligonucleotide used
to model the A-site may not reflect exactly those present
in its 30S counterpart, which is a potential limitation of
this assay.

Because the selected compounds were lead-like, and
therefore comparatively small and simple, it was expec-
ted that some of them would be very weak binders. It is
still of interest to detect these compounds because, if
they are small enough, they can be subsequently
improved with medicinal chemistry elaboration. There-
fore each compound was initially tested in the FRET
assay at the relatively high concentration of 500 mM.
This concentration was also selected keeping in mind
that aminoglycoside antibiotics bind to the A-site with a
moderate affinity only, in the low micromolar range.15

Active compounds were then assayed in a second step, a
titration, which enabled ranking of every hit in the
FRET assay according to an apparent Ki (Ki,app).
Table 1 (continued)
Structure
ID
 30
 31
 32
Ki,app
 341
 395
 401

NMR
 No
 No
 No
Structure
ID
 33
 34
Ki,app
 419
 426

NMR
 Yes and NOEs
 No
For every compound, are given its two-dimensional structure, identifier (ID) and Ki,app (see Methods for the definition of Ki,app). NMR refers to
whether the compound was tested in NMR (‘Yes’) or not (‘No’), and mentions when intermolecular NOEs between the RNA and compound were
observed (‘Yes and NOEs’).
Figure 3. Volume accessible to the compounds during docking into
the bacterial A-site. The RNA is viewed from the major groove.
Table 2. Net charge analysis for selected sets of compounds
Formal chargea
 Top2000b
 FRET inactivec
 FRET actived
�1
 1 (<0.1%)
 0 (0.0%)
 0 (0.0%)

0
 102 (5.1%)
 24 (25.3%)
 1 (2.9%)

1
 812 (40.6%)
 47 (49.5%)
 17 (50.0%)

2
 980 (49.0%)
 23 (24.2%)
 16 (47.1%)

3
 89 (4.5%)
 1 (1.1%)
 0 (0.0%)

4
 15 (0.8%)
 0 (0.0%)
 0 (0.0%)

5
 0 (0.0%)
 0 (0.0%)
 0 (0.0%)

6
 1 (<0.1%)
 0 (0.0%)
 0 (0.0%)

Total compoundse
 2000
 95
 34

Average formal chargef
 1.55
 1.01
 1.44
aNet charge per compound. Every associated row gives the number of
compounds having this charge in a given set of compounds.

bSet of 2000 compounds selected for visual inspection after docking.
c Set of compounds inactive in the FRET assay.
dSet of compounds active in the FRET assay.
e Total number of compounds in a given set.
f Average net charges per compound in a given set.
940 N. Foloppe et al. / Bioorg. Med. Chem. 12 (2004) 935–947



Examples of such titration curves are shown in Figure 6.
The 34 compounds which were active in the FRET
assay are listed in Table 1.

On average, these compounds tend to carry a slightly
higher net positive charge than those which are FRET-
inactive (Table 2), consistent with binding to RNA. This
average difference is, however, small (<half a charge),
suggesting that activity in the FRET assay does not
reflect only electrostatically driven non-specific RNA
binding. This is also consistent with the range of observed
Ki,app values which varies 25 fold from the most potent
(1, Ki,app=17 mM) to the least potent (34, Ki,app=426
mM) compound. For comparison, paromomycin has a
Ki,app of 12.3 mM. It is interesting to note that even
some comparatively small compounds, such as 3,
showed activity in the FRET assay, suggesting that
A-site ligands do not need to be large poly-cationic
molecules like aminoglycosides. Such simple scaffolds
should be amenable to medicinal chemistry efforts.
Although the FRET active compounds are not large
poly-cationic molecules, they frequently contain posi-
tively charged moieties like piperidine or piperazine,
which are likely to interact favourably with the RNA
backbone (Fig. 4). This is illustrated by the congeneric
series of compounds 1, 20, 22 and 35, where only the
inactive compound (35, see Scheme 1) does not contain
such a basic moiety. The replacement of the piperidine
group in 20 (Ki,app=222 mM) by a hydroxyl group in 35
is the only difference between these two compounds,
and leads to a loss of activity. Activity in this series is
not, however, just driven by electrostatic interactions,
given that a partial reduction of the fused bicyclic sys-
tem in 1 leads to a �10-fold increase in potency as
compared to that of 22. This is compatible with the
binding model in Figure 4A, where this bicyclic system
interacts directly with the RNA bulge including A1408
and G1491. Interestingly, the aminoglycoside antibiotics
bind to this bulge with an aliphatic, and not aromatic,
ring. Indeed, inspection of the structures suggests that
the slightly bulkier aliphatic rings fit more snugly in this
RNA bulge. That the bicyclic system of compound 1
binds to this bulge is also supported by the NMR data.
Figure 4. Examples of docking modes obtained from the virtual
screening, for the three most active compounds in the FRET assay.
Panels A, B and C correspond respectively to compounds 1, 2 and 3

(see Table 1). The compounds are depicted in ball and line. Only part
of the RNA, in the vicinity of the compounds, is shown. The RNA is
depicted with sticks, and bases A1408 and G1491 are labelled.
Hydrogen bonds are depicted with black broken lines. The orange
curved arrow in panel A depicts an observed intermolecular NOE
between H2 of A1408 and the aliphatic part of the bicyclic moiety of
compound 1.
Figure 5. RNA oligonucleotide used to model the A-site in the FRET
assay and NMR experiments. When used in the FRET assay, a fluo-
rescence acceptor dabcyl group was linked to the 30-terminus of the
oligonucleotide. Compound 1 is also shown to summarize some of
the NMR results obtained with the RNA:compound 1 complex.
Resonances involved in intermolecular NOEs in this complex are
indicated in red and blue on both compound 1 and the RNA.
Nucleotides for which significant chemical shift changes are observed
in either the TOCSY or 1D imino spectra upon binding of the ligand
are indicated in green. Residues which give rise to NOEs to both
regions of compound 1 are boxed. G1491 has both intermolecular
NOEs to compound 1 and significant chemical shift changes in the 1D
imino spectrum. A1492 showed intermolecular NOEs to both the
aliphatic ring and the side-chain of compound 1.
N. Foloppe et al. / Bioorg. Med. Chem. 12 (2004) 935–947 941



2.3. NMR

For 16 of the compounds active in the FRET assay, 2D
NMR was used to further ascertain binding of these
compounds to the RNA. The criteria used to select the
compounds tested in these experiments included their
solubility and availability in suitable amounts. For these
compounds, NOESY spectra were obtained in presence
of an A-site RNA oligonucleotide (Fig. 5). The results of
these NOESY experiments are summarised in Table 1.
Of course, an absence of intermolecular NOEs does not
mean absence of binding. Seven compounds, including the
three most active in the FRET assay, showed unambig-
uous intermolecular NOEs with the A-site RNA, con-
firming binding of these compounds to the RNA.

In particular, compound 1 gave good quality, well
resolved, intermolecular NOE data (Fig. 7). Spectra of
the A-site RNA:compound 1 complex were analysed in
more detail than those obtained for other compounds.
Intermolecular NOEs were assigned based on compar-
ison of the TOCSY and NOESY spectra with previously
determined assignments for the A-site RNA in the free
Figure 6. Typical titration curves obtained in the FRET-based assay.
These curves were obtained in presence of compound 1 ( ), compound
3 ( ), and of an inactive compound ( ). These curves were obtained
at a concentration of 125 mM for the active compounds 1 and 3, and a
concentration of 500 mM for the inactive compound. The control
without compound is also shown ( ). The fluorescence ratio is defined
as 1 - (Fluorescence intensity of TAMRA-paromomycin with com-
pound, at a given RNA concentration/Fluorescence intensity of
TAMRA-paromomycin with compound, without RNA).
Figure 7. The aromatic fingerprint region of a 400 ms NOESY of the A-site RNA: compound 1 complex recorded in 100% D2O at 298 K. The
concentration of both components in the complex was �1.0 mM. Compound 1 does not contain observable resonances at chemical shifts greater
than 5 ppm, whilst the A-site RNA contains only one resonance below 3.6 ppm (C14H500, indicated by a blue line). The red boxed regions therefore
exclusively contain intermolecular NOEs (except for those at the frequency of C14H500).
942 N. Foloppe et al. / Bioorg. Med. Chem. 12 (2004) 935–947



and paromomycin bound states (D. Fourmy, personal
communication). A tentative assignment of the observed
intermolecular NOEs was made (Fig. 5). These NOEs
were to the internal loop region of the A-site. This
region is flanked by areas of the RNA where pyrimidine
chemical shifts changes were observed upon binding of
the ligand (Fig. 5). The observed NOEs and chemical
shift changes suggest a binding mode with the bicylic
ring system contacting the bases forming the internal
loop, with the charged sidechain orientated towards the
phosphate groups. In particular, an intermolecular
NOE is observed between H2 of A1408 and the alipha-
tic part of the bicyclic ring of compound 1, which are
within 4.0 Å of each other in the binding mode shown in
Figure 4. This is consistent with the elements of structure–
activity relationship presented above for the associated
series of compounds.

The docking model of compound 1 shown in Figure 4 is
compatible with the NMR data and the available SAR,
although further data would be needed to propose a
structural model with greater confidence. Multiple
binding modes for compound 1 are possible, especially
because this compound would still hydrogen-bond
A1408 if the docking mode shown in Figure 4 was flip-
ped around the long axis of the bicyclic system. Inci-
dentally, this may entropically favour binding to the A-
site. Both docking modes bring the bicyclic system of
compound 1 in the vicinity of residues A1492 and
A1493. This is potentially of great interest, as there is
good evidence that it is this type of interaction which
mediates the antibiotic mechanism of action of the
aminoglycosides.6,25
3. Conclusions

This work presented how the recently determined crys-
tal structures of the bacterial ribosomal A-site can be
exploited for structure-based virtual screening (dock-
ing), leading to the discovery of new ligands for this site
of great therapeutic interest. The high-throughput
docking software suite, RiboDock, allowed rapid
screening of �1 million commercially available, chemi-
cally diverse compounds, allowing prioritisation of a far
smaller number (129) of compounds for experimental
assays. Binding of these compounds to an A-site RNA
oligonucleotide was first tested using a FRET-based
assay developed in-house, showing that about a quarter
of the compounds were active in this assay. These com-
pounds passed simple tests for quality control, and only
four compounds showed signs of cytotoxicity at 25 mM
with eukaryotic cell cultures. The relative affinities of
these active compounds for the A-site oligonucleotide
RNA were ranked using titrations. Analysis of the
results indicates that, on average, non-specific electro-
static interactions are not sufficient for compounds to be
active in this FRET assay. This further validates this
type of assay for screening purposes. For selected com-
pounds, the detection of intermolecular NOEs by
NMR, between compound and A-site RNA oligonu-
cleotide, confirmed binding of these compounds to the
RNA.
These results highlighted a chemical series of particular
interest, represented by compound 1, the most potent in
the FRET assay. The intermolecular NOEs are con-
sistent with compound 1 binding to the targeted RNA
bulge of the A-site, with a cyclic moiety stacking on
G1491 and contacting A1408, A1492 and 1493. This
corresponds to an overall binding mode consistent with
the limited SAR in this series. These observations,
combined with computational models, suggest that
compound 1 hydrogen-bonds A1408. Therefore, there is
preliminary evidence that this compound forms some
of the contacts which are key to the selectivity of
A-site binding antibiotics for prokaryotes, and to their
mechanism of action. In addition, compounds in this
series were not found to be particularly toxic to
eukaryotic cells, and are arguably amenable to elabora-
tion by medicinal chemistry. Taken altogether, these
results suggest that it is worth exploiting this series
further.
4. Computational and experimental methods

4.1. Computational screening

The crystal structure of an A-site rRNA construct
bound to paromomycin (Protein Data Bank57 entry
1J7T21) was selected to prepare the target site for dock-
ing, using the most ordered of the two A-sites contained
in this construct. Paromomycin and water molecules
were removed from the coordinates, and polar hydro-
gens added to RNA using the CHARMm force-field.58

The preparation of the screened electronic catalogue of
commercially available compounds, as well as details of
the docking engine RiboDock, have been presented
elsewhere,49,50 and only specific points relevant to the
present work are re-iterated here. Filtering of the catalogue
of compounds on molecular weight (250<MW<550)
and number of rotatable bonds (NRot<7) to prepare
the set of compounds used for docking was performed
with in-house perl scripts. The initial 3-dimensional
structure of these compounds was then generated with
CORINA,59 with removal of counterions or solvent
fragments, all chemical functionalities in their neutral
state, and generation of multiple ring conformations
within 7 kJ/mol of the lowest energy ring conformation.
Only one stereoisomer per compound was generated,
which is a limitation of this protocol because several
stereoisomers exist for some compounds. Therefore
some true ligands may be missed if the stereoisomer
which binds was not docked.

Docking of these molecules was carried out with Ribo-
Dock on a PC cluster of 100 CPUs. Acidic functionalities
were deprotonated, basic functionalities protonated,
and apolar hydrogens removed with RiboDock. The
Monte Carlo/simulated annealing protocol initially used
in RiboDock49 was replaced by a steady state Genetic
Algorithm (GA) to improve the efficiency of the
docking search. Ligand docking poses were represented
using a conventional chromosome representation of
translation, rotation, and rotatable bond dihedral
N. Foloppe et al. / Bioorg. Med. Chem. 12 (2004) 935–947 943



angles. A single GA population was used, of size pro-
portional to the number of ligand rotatable bonds, with
a mutation:crossover ratio of 3:2. The overall orienta-
tion and internal conformation of the compounds were
searched with the GA, while the A-site receptor was
kept fixed. This conformational search was performed
in conjunction with an empirical scoring function speci-
fically calibrated to reproduce the experimental binding
mode of RNA ligands in known structures of com-
plexes, and on the ability to discriminate between native
and non-native ligands.49 The RiboDock scores can be
reported on an energy scale in kJ/mol, although the size
of the RNA-ligand training set prevented a rigorous
statistical fit to binding free energies.49 This type of
scoring function is made of a sum of chemically intuitive
energy terms.35 The RiboDock total score is the sum of
intramolecular and intermolecular contributions. The
intermolecular part can be further dissected in polar
(e.g., hydrogen bond) and apolar (e.g., hydrophobic
contacts) interactions. Only compounds which reached
a total score of �20.0 kJ/mol or better were saved for
further analysis. From this set, were kept only com-
pounds with (i) an intramolecular score �5.0 kJ/mol (ii)
an intermolecular polar score ��12.5 kJ/mol and (iii)
an intermolecular apolar score ��12.5 kJ/mol. These
filters aimed to remove strained conformations and to
keep a balance between polar and apolar interactions
formed between the receptor and putative ligands. The
docking modes which passed these filters were then
ranked according to their total intermolecular score,
and the docking modes of the 2000 best-scoring
compounds were inspected visually. Visual inspection
allowed the discarding of docking modes unlikely to
lead to real binding, for instance when large voids were
present between ligand and RNA, or when the ligands
projected large hydrophobic moieties into the solvent.

For the analysis of the net formal charge of the com-
pounds active in the FRET assay, this charge was cal-
culated with MOE,60 assuming a pH of 7.0 and
standard pKas in aqueous solution for the titratable
groups.

Pictures of three-dimensional molecular structures were
prepared with VMD,61 using the CPK colour code for
hydrogen (white), carbon (green), nitrogen (blue) and
oxygen (red) for compounds.

4.2. FRET assay

Binding to the A-site was tested for the selected 129
compounds with a Fluorescence Resonance Energy
Transfer (FRET) assay. This assay exploits a known A-
site ligand, a derivative of paromomycin tagged with the
fluorescent FRET donor tetramethylrhodamine
(TAMRA), as previously described.16 TAMRA-par-
omomycin inhibits an in vitro E. coli translation system
with an IC50 of 0.4 mM.16 TAMRA-paromomycin also
binds to an oligoribonucleotide that models the bacter-
ial ribosomal A-site, with the sequence shown in Figure
5. This oligonucleotide incorporates a 30-dabcyl group
as a non-fluorescent FRET acceptor (obtained from
Xeragon Oligoribonucleotides, USA). Upon binding of
TAMRA-paromomycin to the RNA, FRET takes place
between the TAMRA and dabcyl dyes, such that a
reduction in donor fluorescence is observed.16 A com-
pound competing with TAMRA-paromomycin for
binding to the A-site leads to a reduction in the FRET
activity between the TAMRA and dabcyl groups.
Therefore, increase of the fluorescence intensity of the
TAMRA group was used to detect the competitive
binding of another compound to the A-site. This assay
has been validated with a series of unlabelled amino-
glycoside antibiotics which compete for binding and
have Ki values in the micromolar range,16 using the same
protocol as detailed below. TAMRA-paromomycin
binds the oligonucleotide with a 15 nM affinity.16

Testing of the 129 compounds was performed in 96-well
plates (costar 3915) at room temperature, in two steps.
First, binding to the A-site oligonucleotide was detected
at a single concentration of compound. Second, the
RNA was titrated to ascertain true binding, as opposed
to possible false positive results in single point mea-
surements. The format for the assay was similar during
these two steps.

During the first step, a fixed concentration of compound
(500 mM) was added to a solution of 10 nM TAMRA-
paromomycin in the presence of 100 mM Tris–HCl
pH7.5, 50 mM KCl in a total volume of 100 mL. Each
compound was tested in duplicate. This was incubated
for 60 min to reach equilibrium with respect to the
interaction of TAMRA-paromomycin with the 96-well
plate. A fixed amount of A-site oligonucleotide (30 nM)
was added to the assay mixture and incubated for
another 60 min to reach equilibrium. The FRET activity
was measured on a Wallac Victor fluorimeter (excitation
544 nM/10, emission 590 nM/10) and determined as the
ratio of the fluorescence emission of TAMRA-par-
omomycin in the absence of RNA to the emission in the
presence of RNA. At this concentration of oligonucleo-
tide there is a fixed decrease in donor fluorescence, due
to FRET taking place. This decrease in donor fluores-
cence in absence of compound was compared to its
counterpart in presence of compound. Compounds
associated with a decrease in FRET activity were pre-
sumed to compete with TAMRA-paromomycin for
binding to the A-site RNA.

In a second step, these compounds were tested in a
titration with a fixed concentration of compound (500
mM), but varying amounts of A-site RNA. The active
compounds (Kapp/Kd greater than control) were then
titrated again at a compound concentration of 125 mM,
to obtain a more accurate determination of Ki,app values
(Table 1, Fig. 6). These titrations were performed by
varying the RNA concentration, rather than that of the
compound, because this uses smaller amounts or RNA.
The protocol for this format of the assay was identical
to the single point assay, except that after the first
incubation, varying amounts of A-site RNA were added
to each well resulting in a titration from 0 to 30 nM of
RNA. Each data set was fitted using the Michaelis–
Menten steady state model to obtain the Kd,app. The Kd

of TAMRA-paromomycin (Kd,TAMRA) to the A-site
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oligonucleotide was calculated to be 15 nM. The
apparent Ki (Ki,app) for each compound was calculated
using the formula:

Ki;app ¼ 1= Kd;app=Kd;TAMRA

� �
� compound½ �

� �

This value of Ki,app was used to rank compounds
according to their affinity for the A-site RNA (Table 1).

4.3. Compound quality control

Every compound active in the FRET assay was sub-
jected to a liquid chromatography-mass spectrometry
(LC-MS) analysis, and the chemical structures given in
Table 1 were consistent with the masses obtained by
MS, to a purity of at least 85%. Purity was assessed by
UV detection at three wavelengths and total ion current
under positive ion electrospray. Details were as follows.

4.3.1. Materials. AnalaR grade Formic Acid (98/100%)
was from BDH laboratory supplies (Poole, UK). HPLC
grade Acetonitrile was purchased from Romil (Cam-
bridge, UK). Purified water was produced using a Milli-
Q gradient water system from Millipore (Watford, UK).
HPLC grade Ammonium Acetate was obtained from
Fisher Scientific (Loughborough, UK). AnalaR grade
Dimethyl Sulphoxide DMSO was from BDH labora-
tory supplies (Poole, UK).

4.3.2. Preparation of samples. The analytes were dis-
solved in DMSO to a concentration of 20 mM, and
these stock solutions were diluted 1 mL of stock with 19
mL of DMSO. The injection volume was 5 mL.

4.3.3. Instrumentation: LC-MS analysis. Chromato-
graphic separations were performed using an 1100
Series liquid chromatograph (Agilent Technologies,
Palo Alto, CA, USA) consisting of a binary pump,
mobile phase degasser, autosampler, UV–vis detector.
Mobile phase A contained water with 10 mM Ammo-
nium Acetate, 0.08% formic acid and mobile phase B
contained 95% acetonitrile, 5% mobile phase A,
0.08% formic acid. The eluent flow after the UV–Vis
detector was split 1:4 before entering an MSD 1100
(Agilent Technologies) single quadrupole mass spec-
trometer equipped with an electrospray (ESI) ionisa-
tion source.

Reverse phase chromatography was used, with a 3.6�30
mm, 3-mM particle C18(2) Luna column (Phenomenex,
Macclesfield, UK) protected with a 4 mm C18 Security
Guard (Phenomenex, Macclesfield, UK) guard car-
tridge. Detection was at 210 nm, 254 nm and 270 nm
and positive ion ESI scanning a molecular weight range
of 150–1000 AMU.

A gradient was used as follows: 0!0.25 min, 5% B, 2
mL min�1; 0.25!2.5 min, 95% B, 2 mL min�1;
2.5!2.55 min, 95% B, 3 mL min�1; 2.55!3.6 min,
95% B, 3 mL min�1; 3.6!3.65 min, 95% B, 2 mL
min�1; 3.65!3.7 min, 5% B, 2 mL min�1; 3.7!3.75
min, 5% B, 2 mL min�1.
4.4. NMR

4.4.1. Preparation of RNA samples. A 27 nucleotide
RNA molecule (Fig. 5) corresponding to the A-site of
the E. coli 30S ribosomal subunit was prepared by in
vitro transcription from an oligonucleotide template
(Fourmy et al., 1996). The RNA sequence used was:

50-GGCGUCACACCUUCGGGUGAAGUCGCC�30

The RNA was purified by polyacrylamide gel electro-
phoresis, electroeluted from gel slices, dialyzed exhaus-
tively against 1M NaCl, desalted and dialyzed against
water. Samples were dried under vacuum and resus-
pended in the NMR buffer (20 mM potassium phos-
phate, pH 6.2, 0.2 mM EDTA, 100% D2O or 90%
H2O/10% D2O).

4.4.2. Spectroscopy. NMR spectra were recorded on a
Bruker DRX600 spectrometer at 298 K. Samples con-
tained approximately 1 mM RNA and compound to be
tested. Spectra for all samples were acquired under
automation using ICONNMR as part of the NMR
screening process.

Spectra were acquired under automation using pre-
saturation for solvent suppression. Standard TOCSY
and NOESY spectra were recorded as described else-
where.62 Spectra were processed manually using
XWINNMR. A first order polynomial baseline correc-
tion was applied to all spectra in both the direct and
indirect dimensions. 1D spectra of RNA:compound 1
complex in 90% H2O/10% D2O were acquired using
watergate water suppression.63

NOESY spectra of each RNA:compound complex were
analysed for the presence of intermolecular NOES.
Since all compounds studied contained resonances dis-
tinct from RNA resonances (1.0–3.5 ppm, 6.0–7.0 ppm),
this analysis was rapid.

4.5. Cytotoxicity assay

HEK293 cells were grown under standard conditions in
DMEM/10% foetal bovine serum (FBS)/1000 units/mL
Pen/Strep. To assay cytotoxicity, 3600 cells were added
to each well of a 96-well plate (Nunc #167008) and
allowed to attach overnight. Next day, compounds were
serially diluted in DMEM/10% FBS/Pen Strep/2%
DMSO and then added to the HEK293 cells in the 96
well plate. The highest final concentration of the com-
pounds was 80 mM. The cells were incubated for 72 h in
the presence of the compound. After this time the cells
were washed once in phosphate buffered saline (PBS)
and fixed for 30 min on ice in 10% Trichloroacetic acid.
The plates were washed 3 times in water and dried in the
incubator. To each well 100 mL 0.4% Sulphorhodamine
B (SRB) in 1% acetic acid was added and incubated for
15 min at room temperature. After this the plate was
washed 3 times in 1% acetic acid. The plate was dried
and the SRB solubilised using 100 mL 10 mM Tris base.
To calculate the GI50, the A540 was measured using a
Wallac Victor. From these data, the GI50 was calculated
N. Foloppe et al. / Bioorg. Med. Chem. 12 (2004) 935–947 945



using a general sigmoidal curve with Hill slope (a to d
model). A compound was deemed to be cytotoxic if it
had a GI50 of <25 mM.
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