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RNA:DNA hybrids are important structures that are transiently
formed in the course of many vital biological processes, including
DNA replication,1 telomere replication by telomerase,2 and the
replication of HIV (and other retroviruses) by reverse transcrip-
tion.1 The rate of replication is often elevated in malignant cells,
making selective inhibition of replication a fundamental goal in
cancer chemotherapy.3 Since RNA:DNA hybrid structures play
key roles in these biological processes, compounds that selectively
target the hybrid structure would represent a new type of potential
therapeutic agent.

Much effort is underway to rationally design small molecules
that will selectively bind to unique nucleic acid structures such
as triplexes,4-6 tetraplexes,7,8 and left-handed DNA.9 However,
few attempts have been made to target RNA:DNA hybrids.
Inhibition of telomerase was attempted by using RNA or DNA
oligonucleotides to target regions of the hTR RNA component
of the enzyme, blocking the formation of the RNA:DNA hybrid
structure that normally initiates telomere replication.10 Bisdista-
mycins were explored as selective binding agents to a model
Okazaki fragment that contained both DNA duplex and RNA:
DNA hybrid regions.11

The discovery of small molecules that selectively bind to the
RNA:DNA hybrid has been hampered by the lack of a convenient
and rapid screening assay for compounds that might recognize
the structure. We recently described a thermodynamically sound
competition dialysis assay for rapidly screening structurally
selective nucleic acid binding agents.12-15 In the competition
dialysis assay, 19 different nucleic acid structures (at identical
concentration of 75µM) are dialyzed against a common test ligand
solution (at 1µM concentration). Following equilibration, the

amount of ligand bound to each nucleic acid structure is
determined by absorbance or fluorescence measurements. Struc-
tures included in the assay range from single strands, through a
variety of duplex forms, to multistranded triplex and tetraplex
structures. Full details of the assay have been published.12-15 Our
assay offers a new perspective on the structural and sequence
selectivity of ligand-nucleic acid interactions since it allows for
simultaneous comparison of binding to a large number of
competing structures under identical solution conditions. De-
scribed here is an application of the competition dialysis assay
that allowed us to identify several compounds that preferentially
bind to a particular RNA:DNA hybrid (poly rA:poly dT). These
compounds represent potential lead molecules for the design and
synthesis of even more selective agents.

Results obtained for ellipticine using the competition dialysis
assay are shown in Figure S1 (Supporting Information).16 That
data show that ellipticine binds preferentially to the poly rA:poly
dT hybrid duplex. Binding to the RNA:DNA hybrid is nearly
2-fold greater than that to any duplex DNA structure in the assay.
Ellipticine binding to the RNA:DNA hybrid represents a structural
preference rather than a sequence preference for AT base pairs,
since its binding to duplex DNA forms is characterized by a
distinct GC base pair preference.

The assay allows rapid screening of large numbers of potential
lead compounds. Figure 1 shows the binding of 84 different
compounds to the poly rA:poly dT hybrid. These results were
culled from complete competition dialysis assays (such as shown
in Figure S1) done for each compound.17 Figure 1 shows the
difference between the amount of a specific compound bound
and the average amount bound for all ligands. The plot emphasizes
those compounds with higher than average binding affinity for
the DNA:RNA hybrid structure. Figure 1 shows that a small
subset of compounds binds to the hybrid structure in amounts
that exceed one standard deviation from the mean. These
compounds are ellipticine (I ), ethidium (II ), coralyne (III ),
propidium (IV ), and TAS103 (V). The chemical structures of these
compounds are shown in Figure 2. These compounds represent
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Figure 1. Ligand binding to poly rA:poly dT. Results for binding to the
hybrid structure were culled from separate competition dialysis studies
of 84 compounds. Data are presented as the difference between the amount
of each compound bound and the average amount bound to the hybrid
structure,〈Cb〉. 〈Cb〉 is the arithmetic mean for the binding of all 84
compounds, and equals 3.7( 5.0 µM.
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(to the best of our knowledge) the first small molecules identified
that uniquely recognize the poly rA:poly dT structure.

The three-dimensional structures of the compounds that
preferentially bind to the hybrid structure share a common
structural motif (Figure 2). This common motif is a planar
aromatic ring system with a “bay” region, and can be clearly seen
in the superposition of compoundsI-IV in the lower right image
in Figure 2. This common motif represents a possible pharma-
cophore for RNA:DNA hybrid recognition, a supposition that will
clearly require more testing for verification.

The compounds that bind preferentially to the RNA:DNA
hybrid inhibit an important enzymatic activity, digestion of the
duplex by RNase H.18 RNase H activity is necessary in DNA
replication, and an RNase H activity is associated with all known
reverse transcriptases (except telomerase). RNase H degrades the
RNA stand of the hybrid. Figure 2S (Supporting Information)
shows that ellipticine, ethidium, and propidium are all effective
inhibitors of RNase H, presumably by their interaction with the
DNA:RNA hybrid substrate and blocking of either enzyme
binding or the cleavage reaction. Ellipticine is an effective
inhibitor at micromolar concentrations, consistent with its tight
binding to the hybrid structure.

Detailed binding studies19 were done for ellipticine, ethidium,
and propidium under solution conditions that support RNase H
activity, with the results shown in Table 1 (Supporting Informa-
tion). The binding constants for these compounds are directly

proportional to the concentrations of each required to inhibit
RNase H activity, as expected. The complete thermodynamic
profiles for the binding of these compounds to the hybrid do not,
however, reveal a common pattern. Binding of ellipticine to the
hybrid is entropically driven, whereas binding of ethidium and
propidium is driven by a large, negative enthalpy contribution.
We assume that these three compounds bind by a common mode,
most probably intercalation, but that supposition requires more
direct testing by hydrodynamic methods.20

High-resolution structures for a number of model RNA:DNA
hybrid structures were obtained by NMR and X-ray crystallog-
raphy.21-24 The general conclusion from these studies is that
hybrids adopt unique secondary structures that are distinct from
canonical DNA and RNA structures. The RNA strand of the
hybrid generally adopts and A-form conformation while the DNA
strand generally is similar to the B-form conformation. Major
and minor groove widths and geometries in hybrid structures differ
from those found in either duplex DNA or RNA. We cannot yet
specify the structural basis for the molecular recognition of hybrid
structures by the compounds discovered here. Our results point
to the need for high-resolution structural and computational studies
directed toward understanding a new type of structural recognition.

The results of the experiments described here identify several
compounds that preferentially target a particular RNA:DNA
hybrid duplex, a structure that is intimately involved in several
important biological processes. These small molecules can
effectively inhibit RNase H activity at micromolar concentrations.
A potential pharmacophore was identified that represents a
promising lead for the design of new agents for more stringent
recognition of the DNA:RNA hybrid structure. Nucleic acids are
polymorphic, and their unique structures offer unique opportunities
for selective molecular recognition of conformations that partici-
pate in biological functions. Small molecules with such molecular
recognition may prove effective as chemotherapeutic agents. A
recent survey revealed that current pharmaceutics are directed
toward only 500 cellular targets, and that only 2% of these targets
are nucleic acids.25 Our opinion is that the dearth of nucleic acid
targets arises from a failure to appreciate the key functional roles
of transient, unique DNA or RNA structures in gene replication
and expression. The results shown here demonstrate that an
appropriate search using an appropriate assay can reveal small
molecules with novel molecular recognition capabilities.
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Supporting Information Available: Figures showing results of
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Figure 2. Structures of compounds with higher than average binding to
poly rA:poly dT. The compounds are ellipticine (I), ethidium (II ), coralyne
(III ), propidium (IV ) and TAS103 (V). A common structural motif in
these compounds is highlighted in color. The image in the lower right-
hand corner is a manual superposition of compoundsI-IV . The structures
shown are energy minimized conformations obtained using molecular
mechanics computations in the HyperChem software package, employing
the MM+ force field.2
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