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RNA as a drug target: chemical, modelling, and evolutionary
tools
Thomas Hermann and Eric Westhof

Dramatic technical progress in RNA synthesis and structure
determination has allowed several difficulties inherent to the
preparation, handling and structural analysis of RNA to be
overcome, and this has led to a wealth of information about
RNA structure and its relationship with biological function. It
is now fully recognized that RNA molecules intervene at all
stages of cell life, not only because of key sequence motifs
but also because of intricate three-dimensional folds. This
realization has promoted RNA to a potential therapeutic
target. As in protein motifs recognizing nucleic acids, groups
of the molecule interacting with RNA contribute to specific
binding through defined hydrogen bonds and van der
Waals docking, while other parts contribute to the driving
force of binding via less specific electrostatic interactions
accompanied by water and ion displacement.
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HDV hepatitis delta virus
RRE Rev-response element
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Introduction
Because of its key and versatile roles in biological
processes, such as protein synthesis, mRNA splicing,
transcriptional regulation and retroviral replication, RNA
is a prime target for natural compounds as well as
for chemically designed drugs. Indeed, the binding of
molecules to a specific RNA target might influence
the biological activity of the RNA by preventing the
binding of the biologically relevant macromolecule (either
protein or RNA), by inhibiting RNA catalysis, or by
forcing an alternative conformation on the RNA. The
three-dimensional folding of RNA gives rise to complex
structures allowing the highly specific binding of effector
molecules. As with proteins, the structural features of
the potential RNA targets that determine the selective
interaction with drugs depend on the source organism.
Compared to DNA, RNA displays a greater structural
diversity and lacks repair mechanisms, a fact that enhances
the impact of therapeutics directed at RNA.

Recent advances in RNA synthesis, in vitro evolution
(systematic evolution of ligands by exponential enrich-

ment [SELEX]) [1] and high-resolution NMR structure
determination, together with improved methods for the
combinatorial synthesis of therapeutic agents [2,3•,4,5•]
have opened the road for drug discovery in the field
of RNA-targeted effectors [6,7•,8]. Here, we will review
the recent progress made in the study of the interaction
of small molecules with functional RNA by means
of chemical, modelling and evolutionary tools. More
extensive reviews, especially on antibiotic and metal
complex binding, were recently written by Wallis and
Schroeder [9] and by Chow and Bogdan [10]. Among the
numerous artificial RNA molecules (aptamers) that have
been selected by in vitro evolution for specific binding to
a target molecule, we will focus on RNA aptamers that
specifically bind antibiotics. The recent work on all kinds
of aptamers has been summarized in several excellent
reviews [11–13]. Due to its therapeutical importance, we
will discuss separately in the last section recent efforts
in targeting RNA components of the replication process
of HIV.

Targeting ribosomal RNA
The 16S RNA component of the prokaryotic ribosome was
the first RNA to be identified as a target for small molecule
effectors [14]. Binding of a variety of different antibiotics,
such as aminoglycosides (Figure 1), to functional sites
of the bacterial ribosomal RNA leads to miscoding
during the translation process. Mutational and chemical
probing experiments [15•,16], along with fluorescence
measurements [17], on the interaction of aminoglycosides
with model oligonucleotides that mimic the antibiotic
target in the A site of the 16S rRNA decoding region
(an asymmetric internal loop of three and four unpaired
bases) have revealed structural features important for the
specific interaction of aminoglycosides with RNA. The
structure of a 27 nucleotide A-site model RNA complexed
with the aminoglycoside paromomycin (Figure 1) has
been determined by NMR spectroscopy [18••], showing
that the antibiotic binds to the loop region in the
deep groove of the RNA within a pocket opened by a
single bulged adenine and an A–A base pair. Amino and
hydroxyl substituents of rings A and B, conserved among
aminoglycosides that bind to the A site, are required for
specific interactions of paromomycin with the ribosomal
RNA, while rings C and D, relatively disordered in the
NMR structure [18••], contribute unspecifically to the
complex formation by additional electrostatic and van der
Waals interactions. The principle of providing a moiety
that conveys binding specificity by recognizing internal
bulges or asymmetric loops and another moiety that
supports binding strength by non-specific interactions is
frequently exploited by RNA-binding molecules, as we
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will see later for other examples of RNA–drug interactions.
The specificity of aminoglycoside binding to the 16S
rRNA is highlighted by the fact that aminoglycoside
antibiotics act preferentially on prokaryotic organisms due
to a much higher affinity of prokaryotic 16S rRNA for these
antibiotics compared to eukaryotic ribosomal RNA. The
NMR analysis of the A-site RNA–paromomycin complex
[18••] has revealed the structural basis for the difference:
firstly, a disruption of the A–A base pair in eukaryotes,
which have a G in place of one of the adenines; and, sec-
ondly, a mispairing at positions 1409–1491, which provide
the floor of the antibiotic binding pocket in the prokaryotic
A site. In eukaryotes, a G–A base pair equivalent to
the A–A pair in prokaryotes cannot be formed due to
geometrical reasons and, thus, the RNA deep groove is
not opened, preventing aminoglycoside binding to the
eukaryotic A site [18••]. Finally, the NMR structure of
the A site RNA–paromomycin complex has uncovered
the molecular basis of resistance development against
specific aminoglycosides by methylation of nucleotides
within the 16S rRNA that border the aminoglycoside
binding pocket [18••].

It has been speculated that aminoglycosides, exerting
their antibiotic effects by inducing miscoding during
the translation process, may stabilize a high affinity
conformation of rRNA for the aminoacyl-tRNA for which
proofreading is impeded [18••]. Likewise, it has been
suggested that binding of the pyrrolidine antibiotic
anisomycin to 28S rRNA induces a conformational change
in ribosomal RNA [19•], a system where the action
of the antibiotic on the ribosomal RNA activates a
stress-activated protein kinase and, thus, giving a response
similar to that induced by the enzyme ribotoxins α-sarcin
and ricin. The example of anisomycin nicely illustrates
how a low-molecular-weight effector targeted at a specific
binding site in RNA is able to trigger a complex process
such as the activation of a protein kinase.

Targeting catalytic RNAs
As well as being among compounds that bind to the 16S
rRNA, the aminoglycoside antibiotics also act as inhibitors
of catalytic RNAs (reviewed in [20]), such as the group I
intron [21], the hammerhead ribozyme [22], and the
ribozymes from hepatitis delta virus (HDV) [23]. Group I
introns are attractive targets for therapeutics because
they are interspersed in key genes of several pathogenic
microorganisms, while they are not found in the human
genome [21,24,25]. Self-splicing of group I intron RNA
is inhibited by aminoglycosides non-competitively with
respect to the binding of the guanosine cofactor, indicating
that these antibiotics do not interfere with the G-binding
site [26]. In contrast, the macrocyclic peptide antibiotics
of the tuberactinomycin family, for example, viomycin,
compete with the guanosine cofactor for the G-binding
site within helix P7, part of a pseudoknot which is located
in the conserved core of the intron [27]. Docking of both
aminoglycosides and tuberactinomycins to a 3D model
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Structures of some aminoglycoside antibiotics discussed in the
text. (a) Neomycin B and paromomycin, which belong to the
4,5-disubstituted deoxystreptamine class. (b) Tobramycin, which
belongs to the 4,6-disubstituted deoxystreptamines.

of group I introns [28] has been performed to construct
model complexes useful in rationalizing the differences
in inhibition behaviour between these antibiotics [27,29].
Another class of compounds that affect the self-splicing
of group I introns is L-arginine and its derivatives, which
competitively inhibit the cleavage step but stimulate
the following ligation reaction [25]. Recently, a ribozyme
system has been developed from group I introns and
was used to rapidly identify small molecule inhibitors
targeting catalytic introns in high-throughput screening
assays [24,30•].

The influence of antibiotics on another large catalytic
RNA, M1 RNA, the RNA component of RNase P, is
not well documented. In contrast to group I introns
and small ribozymes, M1 RNA is not inhibited by
aminoglycoside antibiotics but only by puromycin, a
nucleoside derivative [31]. The fact that M1 RNA is
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catalytically active in vitro only under high magnesium
concentration certainly contributes to the absence of
inhibition by known cationic inhibitors of catalytic RNAs.
Similarly, there is no report of compounds inhibiting the
hairpin ribozyme.

Of the small ribozymes that are inhibited by amino-
glycosides, the catalytic RNAs from HDV, which are
crucial in viral replication, might be a target for drugs
due to the role of HDV as a co-infecting agent in
patients suffering from hepatitis B [23]. The hammerhead
ribozyme is an important model system for the study
of the interaction of inhibitors with functional RNA,
since the 3D structure of this ribozyme is available from
crystal structure analysis [32,33]. The inhibition of both
HDV and hammerhead ribozymes by aminoglycosides is
a process governed by electrostatic competition of the
cationic aminoglycosides with magnesium ions required
for catalysis [23,34,35•,36]. Molecular dynamic simulations
of aminoglycosides, the hammerhead RNA, and modelled
complexes thereof, revealed a surprising structurally-based
complementarity between the charged ammonium groups
of the aminoglycosides and the magnesium ion binding
sites in the hammerhead [37•]. In a variety of mod-
elled aminoglycoside–RNA complexes, specific contacts
between metal binding sites of the RNA and ammonium
groups of rings A and B of the aminoglycosides are
accompanied by varying additional, unspecific interactions
which may contribute to the binding affinity, as in the case
of aminoglycoside binding to the A site of 16S rRNA. It
was suggested [37•] that the covalently linked ammonium
groups of the aminoglycosides are able to complement
in space the negative electrostatic potential created by
a three-dimensional RNA fold, normally occupied by
magnesium ions. Aminoglycoside-derived sugars could,
thus, constitute a set of yardstick synthons for rational and
combinatorial synthesis of drugs targeted at biologically
relevant RNA folds.

Aptamers against antibiotics
While aptamers, obtained by in vitro selection from
random sequence RNA pools, play no role as naturally
occurring targets for drugs, study of their complexes
with small molecules provides insight into the details
of molecular recognition at the RNA level. Antibiotics
that have been used in SELEX experiments to raise
highly specific RNA aptamers include the aminoglycosides
tobramycin (Figure 1) [38], kanamycin A, lividomycin
[39] and neomycin B (Figure 1) [40,41], and the peptide
antibiotic viomycin [42•]. All of the aminoglycoside
aptamers characterized so far bind the drug in a hairpin
structure, the stem region of which contains from one to
several G–U wobble base pairs [39–41,43]. In contrast, the
viomycin-binding aptamer forms a pseudoknot structure
[42•], recurring in natural viomycin target sites such as
16S rRNA, the guanosine binding site in the P7 stem of
group I intron (see above) and HDV ribozyme [23]. Few
dominating high-affinity (nM) aptamer sequences were

obtained when high-stringency conditions were imposed
during the in vitro selection [38,40,41,42•], while a wide
variety of low-affinity (mM) aptamers were isolated with
less stringent selection procedures [38,39]. In contrast
to the natural targets of aminoglycosides, such as 16S
rRNA or the ribozymes, the binding of the antibiotics to
aptamer RNAs is almost independent of the concentration
of magnesium ions [40,41].

Recently, the solution structure of a tobramycin aptamer
RNA [38] in complex with the drug has been analysed
by NMR spectroscopy and molecular dynamic simulations
[44••]. The 27 nucleotide RNA aptamer comprises a stem
with a bulged adenosine adjacent to a six-nucleotide
loop. Tobramycin (Figure 1) binds to a pocket formed
by the deep groove of the aptamer, which is opened by
the bulged A and a looped-out C residue (Figure 2).
The antibiotic is almost encapsulated within the RNA
fold and only the part of the aminoglycoside used
for covalently linking the drug to the affinity column
during the selection is accessible to solvent. Similarities
between the hairpin loop of the tobramycin aptamer and
a conserved hexanucleotide loop in ribosomal RNA have
led to speculations that the binding site for tobramycin
in the aptamer may represent a recurring scaffold for
aminoglycoside binding sites in natural RNAs [44••].

Figure 2

Stereoview of the three-dimensional structure of an RNA aptamer
complexed with the aminoglycoside antibiotic tobramycin, which
has been determined by Jiang and co-workers using NMR and
molecular dynamics techniques [44••]. The bulged A and the
looped-out C bases that open the deep groove of the RNA forming
the aminoglycoside binding pocket are enhanced. The antibiotic is
shown in ball-and-stick representation. The drawing was made with
INSIGHTII (Molecular Simulations Inc.) using coordinates from the
Brookhaven Protein Data Bank file 1TOB.

Two lessons can be learned from the study of amino-
glycoside aptamers. Firstly, many different RNA se-
quences exist that bind aminoglycoside antibiotics with
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an affinity in the mM range, suggesting that natural
low-molecular-weight effectors such as aminoglycosides,
may have evolved to exploit molecular recognition of
various RNA targets. Secondly, the natural targets of
aminoglycosides, such as the ribosomal 16S RNA or
the HIV RNA Rev responsive element (see below),
generally have a lower affinity for the drugs than in
vitro-selected aptamers; indicating that functional aspects
other than binding strength, such as the ability to induce
a conformational change in the RNA, play a role in
the antibiotics potential as an effector compound. This
observation and the lack of direct competition between
aminoglycosides and magnesium ions for RNA binding
in aptamers indicate that the mechanisms of molecular
recognition might be different between artificially in
vitro selected and known natural aminoglycoside targets.
Therefore, drug design approaches, aiming at optimising
aminoglycoside compounds for high-affinity binding at
natural RNA targets and based on new combinations
of aminoglycoside-derived substituted saccharide building
blocks might be promising [37•].

Miscellaneous compounds targeting RNA
Besides aminoglycoside and peptide antibiotics, a variety
of other small organic compounds known to bind nucleic
acids have been systematically investigated to study their
interaction with RNA [6,45,46]. The ethidium cation,
used for a long time in analytical detection of nucleic
acids, intercalates into double-stranded regions of RNA
[6,45] with a preference for sites adjacent to bulged
nucleotides [47]. Intercalation of ethidium into double-
stranded RNA [47] and of phenanthroline complexes into
stacked single-stranded RNA regions [48] was studied
by molecular modeling approaches in order to rationalize
the experimentally observed binding preferences. Of
the compounds known to target DNA, the intercalating
molecules, like fused aromatic systems, bind with similar
affinity to RNA, while DNA groove-binding drugs do not
generally bind to RNA or they may bind in a different
way, an observation obviously due to the very different
shapes and electrostatic potentials of the grooves in A form
RNA and B form DNA duplexes [45,49]. For example,
enediyne antibiotics, such as neocarzinostatin used in
anticancer therapy, are known to target the minor groove
of duplex DNA where they lead to oxidative cleavage of
the nucleic acid, while binding of these drugs to RNA is
bulge-specific [50–52]. There is even an example where
a molecule that binds tightly to the major groove of
duplex DNA, the cationic cyclophane CP66, locally melts
RNA double-stranded helices, forcing a single adenine
to flip-out from the duplex in order to become available
for binding to the cavity inside the cycylophane [53,54].
Following on these findings, it has been speculated that
cyclophanes could be used to design molecules that can
cause base-flipping in double-stranded RNA as observed
with DNA repair enzymes [53].

While both the shallow and the deep grooves of double-
stranded RNA may serve as good drug-binding sites,
no small molecules have yet been identified that have
selective interactions for either of the RNA grooves, with
the exception of a rhodium complex [55] and isoalloxazine
derivatives that selectively target G–U wobble base pairs
embedded within helices [56•,57]. Isoalloxazines, such as
flavin mononucleotide, can cleave RNA molecules specifi-
cally at G–U base pairs via a photoinduced mechanism.
Recently, a structural model has been derived [57] from
experimental data which explains the recognition of G–U
base pairs by showing that isoalloxazines exploit the
shallow groove asymmetry displayed by those wobble base
pairs.

As well as drugs that specifically bind to RNA, molecules
have been investigated that can specifically cleave RNA,
thus, mimicking naturally occurring ribonucleases. A
wide variety of compounds is capable of cleaving RNA,
ranging from complex molecules like bleomycin [58,59] to
relatively simple structures like m-hydroxo-bridged dimers
of La(III) ions [60] and we will not review them here
but refer to the literature ([60–62] and references cited
therein).

Targeting RNA components of HIV replication
HIV replication depends on the function of two regulatory
proteins, Tat and Rev, stimulating transcription (Tat) and
facilitating the nuclear export of unspliced and partially
spliced viral mRNA (Rev). Both regulators act by specific
targeting of internal loop structures on viral mRNA,
namely Tat binding to trans-activating region (TAR) and
Rev recognizing the Rev-response element (RRE) [63].
Selection procedures have been used on both RNA [64]
and peptide [65] components of Tat–TAR and Rev–RRE
in order to study features of the specific protein–RNA
interaction in these complexes.

Both systems, Tat–TAR and Rev–RRE, are potential
targets for anti-HIV therapeutics given their critical
role in the HIV infection process and the fact that a
large body of 3D structural information is now available
from NMR studies on model complexes of HIV-1 Rev
peptide–RRE RNA [66••,67], HIV-1 Rev peptide–RNA
aptamer [68•], HIV-1 Tat peptide–TAR RNA [69], HIV-2
TAR RNA–argininamide [70•] and the HIV-related bovine
immunodeficiency virus Tat peptide–TAR RNA [71,72].
In both Rev–RRE and Tat–TAR complexes, the protein
binds to the RNA in the deep groove, which is widened
either by two purine–purine base pairs and a bulged
residue, in the cases of Rev–RRE and Rev–aptamer,
or by a base triplet and a bulged residue, in the
case of Tat–TAR. In both protein–RNA complexes, a
conformational change in the RNA is observed such that
the RNA structure becomes more ordered upon peptide
binding. Aboul-Ela et al. [69] suggest that small molecules
may be able to lock the flexible RNA structure into
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a conformation that does not allow for binding of the
cognate regulatory protein and, thus, inhibit viral growth.
Similarly, results form circular dichroism and fluorescence
measurements [73] suggest that two classes of inhibitors
of the Rev–RRE interaction, namely aminoglycosides and
diphenylfuranes, cause a significant conformational change
in RRE upon binding to the RNA.

The specific interaction of a single arginine residue of
the Tat peptide with the deep groove edge of guanine
residues, observed in the Tat–TAR complex [72], is also
responsible for high-affinity binding of the low-molecular-
weight compound argininamide to TAR [69,70•]. Binding
of argininamide stabilises the TAR RNA in a conformation
from that of free TAR [69,70•] .Other small molecules that
were investigated for their ability to bind to TAR RNA
include classical intercalators such as ethidium [47,49] and
a shape-selective rhodium–phenanthroline complex which
specifically targets the widened deep groove of TAR
where it competes for Tat peptide binding [74]. Combi-
natorial chemistry employing sequential optimization of
residues has been used to select a hybrid peptoid/peptide
oligomer of nine residues that is able to inhibit the
Tat–TAR RNA complex formation in vitro at nanomolar
concentrations [5•]. Recently, the Tat–TAR system has
been used, similar to group I intron (see above), to
conduct a mass screening for the discovery of HIV
therapeutics that interfere with the binding of Tat protein
to TAR RNA [75]. Aminoglycoside antibiotics inhibit
the binding of Tat-derived peptides to TAR RNA, with
neomycin B (Figure 1) being the most active compound
[76], and block the binding of the Rev protein to its
target site on the RRE RNA [77]. Investigations of in
vitro-selected variants of RRE that bind to Rev protein
in the presence of aminoglycosides have uncovered a
non-canonical G–G base pair critical for the specific
binding of both Rev protein and the drugs [78]. This
purine–purine pair has been demonstrated to be required
for the widening of the deep groove in RRE RNA
which creates part of the Rev binding pocket [66••].
The interaction of aminoglycosides with the RRE RNA
has been studied by a variety of methods, such as
fluorescence measurements [17] and surface plasmon
resonance (BIAcore) [79•]. Surface plasmon resonance is
especially useful for the rapid screening of large libraries
of RNA-binding compounds obtained by combinatorial
chemistry. Again, aminoglycosides have been chosen to
set up a combinatorial approach for the synthesis of novel
inhibitors of the Rev–RRE interaction. Neamine, the core
moiety of rings A and B (Figure 1) that is shared in
common by all aminoglycosides discovered so far which
act on functional RNAs, has been used as a basic building
block in the synthesis of peptido aminoglycoside mimetics
by combinatorial chemistry [3•].

Other compounds targeted at inhibiting the Rev–RRE
interaction are polycationic RNA-binding agents [6,54],
among them derivates of the diphenylfuran cation have

been intensively studied [6,73,80]. Diphenylfuranes in-
duce a conformational change in the RRE RNA after
binding to the internal loop of the RNA by a threading
intercalation mode [73].
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RNA as a drug target. Small molecule effectors targeted at RNA
can interfere with RNA biological activity via different mechanisms.
The RNA 3D folding may be disrupted or locked in an altered
conformation, a situation occurring in the HIV-1 RRE system, the
conformation of which is changed after binding of aminoglycosides
or diphenylfurans that hinder the binding of the Rev protein [69,73].
Binding of other molecules required for the biological action of the
RNA, such as substrates, proteins or cofactors, may be impeded by
drugs as it was shown for the tuberactinomycins (viomycin) which
compete with the guanosine cofactor for the G-binding site in group I
introns [27]. The catalytic power of ribozymes may be altered by small
molecules inhibiting catalytic activity. It has been recently suggested
[37•] that aminoglycoside antibiotics inhibit the hammerhead ribozyme
by displacing the catalytically active magnesium ions.

Conclusions
Inhibition of RNA biological activity can occur in various
ways (Figure 3), by preventing binding of another
macromolecule (protein or RNA), by distorting the RNA
active conformation, by competitive binding for a cofactor
binding site, or by displacing catalytically important ions,
such as magnesium ions. The interaction of effector
molecules with RNA displays specific characteristics for
the two principal ‘surfaces’ of RNA, the deep and the
shallow groove.

The deep groove of RNA (equivalent to the major groove
of DNA) is lined by negatively charged phosphate groups,
while the shallow groove (equivalent to the minor groove
of DNA) forms a large and slightly concave surface of
rather hydrophobic character. Binding on the deep groove
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side requires distortion and widening of the regular RNA
helix deep groove [81]. This is achieved with great
versatility by non-Watson-Crick base pairs and bulging
bases. Such three-dimensional pockets present, therefore,
a vast specificity potential. On the other hand, binding
on the shallow groove side would require large and flat
aromatic ring systems with substituents for hydrogen
bonding to hydroxyl and phosphate groups. The example
of the specific binding of rhodium complexes [55] and
isoalloxazines [57] to G–U pairs from the shallow groove
side indicates that there might be additional possibilities
for specific drug binding to the shallow groove, in
particular, especially non-Watson-Crick base pairs.

Given the wealth of structural information currently
emerging in the RNA field [82], structure-based drug
design [37•,83] will become an important tool in the search
for effectors targeted at RNA. Dramatic improvements
in theoretical methods for modelling and simulation of
nucleic acid systems ([84,85] and reviewed in [86]) will
pave the way for computer-aided rational drug design, now
routinely used for protein targets.
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