
amino acids from peptide (vi) [Ki =
0.041 and 0.025 µM (Ref. 11) against
full-length and truncated NS3, respec-
tively] yielded a tripeptide inhibitor, (vii)
(Ki = 4.1 and 230 µM against full-length
and truncated NS3, respectively), which
was more active against the full-length
enzyme than the truncated enzyme.
These results suggest that the full-length
peptide is a better target with which to
screen potential inhibitors against.
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Gene therapy

DNA dumbbells: decoys for gene-
regulatory proteins
The relative simplicity of synthesis, to-
gether with high affinity and specificity
for a variety of targets, indicates that

oligonucleotide-based therapeutics could
be of considerable interest as an ap-
proach to rational drug design. Regulation
of gene expression by targeting DNA 
and RNA with complementary single-
stranded or folded (catalytic) oligonu-
cleotides forms the basis of well-known
antisense, antigene and ribozyme tech-
nologies in gene therapy1–3. Recently, the
first antisense drug, phosphorothioate
oligonucleotide fomivirsen, gained ap-
proval in the USA and Europe for the
treatment of cytomegalovirus infections,
earning the Galenus Prize. Furthermore,
several anti-HIV hammerhead ribozymes
are now in clinical trials.

There is another, less-studied gene-
therapeutic strategy termed the ‘sense
approach’, which is based on the target-
ing of another participant of the genetic
machinery, regulatory proteins, with
double-stranded oligonucleotides4. It is
assumed that oligodeoxynucleotide du-
plexes that carry specific sites for bind-
ing with transcription factors might act
as decoys at micromolar to nanomolar
concentrations4,5. Hence, DNA duplexes
closed at both termini by stretches of
single-stranded nucleic acids or synthetic
linkers are of substantial interest5–11.
These nucleic acid constructs are known
as DNA dumbbells because of their simi-
larity in shape with a piece of sports
equipment. DNA dumbbells have been
considered to be promising oligonu-
cleotide therapeutics mainly because of
their increased nuclease resistance and
the fact that they more readily enter cells
than common DNA duplexes with open
termini do5.

Two general strategies for the prepa-
ration of DNA dumbbells have been
elaborated. Biochemical syntheses were
described on the basis of enzymatic 
ligation of either a pair of hairpin-like
oligonucleotides with short dangling
sticky ends6 or a single, self-complemen-
tary, circularizable oligonucleotide7. Both
these approaches are effective for the 
assembly of DNA dumbbells with 8–25 bp
duplex stems. 

However, they experience problems 
beyond this size range. The upper limit is
caused by incorrect annealing of longer
self-circularizable and hairpin-like oligo-
nucleotides into non-circularized DNA 
duplexes, which result in decreased yield
of large DNA dumbbells. The lower limit is
imposed by steric and conformational
constraints in small DNA dumbbells that
compromise the efficiency of DNA ligase.

More recently, purely chemical syn-
theses have been developed7,8. Although
both enzymatic and chemical approaches
for DNA dumbbell assembly are robust,
the latter might be preferred for large-
scale production because it is faster 
and less costly7. Importantly, chemical
syntheses enable DNA dumbbells to be 
designed that carry chemically reactive
groups for covalent affinity modification
(crosslinking) of DNA-recognizing pro-
teins8, as well as to produce DNA dumb-
bells with non-nucleotide loops, which
modulate their lipophilicity and enhance
biostability9. Using chemical syntheses,
researchers have also been able to 
overcome the problems associated with
producing very small DNA dumbbells 
intrinsic to biochemical approaches, and
have yielded DNA dumbbells with 
duplex stems as short as 3 bp.

However, until recently, no develop-
ments have been reported to enlarge 
the size of DNA dumbbells. Larger DNA
dumbbells could have significant advan-
tages as evidently they might carry
longer DNA sequences of biological 
relevance and hence, could be used in
gene therapy for intracellular delivery of
larger chunks of nuclease-resistant for-
eign DNA to more effectively regulate
gene expression. Recently, Kuhn et al. re-
ported a new biosynthetic approach for
the high-yield and high-purity prepar-
ation of a record-length DNA dumbbell
featuring a duplex stem of 94 bp 
(Ref. 10). The protocol involved enzy-
matic ligation between a pair of hairpin-
like oligonucleotides with long dangling
sticky ends followed by multiple 
biotinylation via nick-translation and/or
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primer-extension of any unligated pre-
cursors and mono-ligated byproducts.
These were readily removed from the
DNA dumbbell preparation using a mild 
biomagnetic separation procedure.

Besides DNA dumbbells, hybrid
DNA–RNA dumbbells consisting of a
sense RNA sequence and corresponding
antisense DNA sequence could also find
use in gene therapy11. It is assumed that
these stable chimeric constructs, when
delivered to cells, will be digested by 
intracellular Rnase H, thus liberating an
antisense DNA sequence to enable it to
perform its function. Purely RNA dumb-
bell-like constructs have also been shown
to be efficient for therapeutic interven-
tion of infections caused by RNA viruses
acting as decoys for virus-activating 
proteins12.

Based on the promising data pre-
sented to date in numerous papers 
on DNA dumbbells and other decoys, 
together with the significant progress 
in cellular delivery of oligonucleotides3,

there is reasonable optimism that these
agents might soon be used to inhibit
transcription of disease-causing genes.
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