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NUCLEOSIDES & NUCLEOTIDES, 14(3-5), 991-995 (1995) 

Destabilization of DNA Guanine Quadruplex Structure by 
Foldback Triplex-Forming Oligodeoxynucleotides. 

Ekambar R. Kandimalla and Sudhir Agrawal 
Hybridon, Inc., One Innovation Drive, Worcester, MA 01605. 

Abstract: An oligodeoxynucleotide designed to bind to a single stranded guanine rich 
DNA sequence through Watson-Crick followed by Hoogsteen hydrogen bonds was found 
to destabilize quadruplex structure formed by the target sequence. However, the 
conventional antisense and antigene oligonucleotides were unable to destabilize the same 
quadruplex structure. 

Telomeres are known for their function to stabilize and duplicate chromosomes and 
for consisting of tracts of guanine residues, often interspersed with short stretches of 
thymines or adeninesl. These G-rich tracts have been characterized as forming unusual 
self association complexes involving Hoogsteen-type hydrogen bonded guanine tetrads213 
not only by intermolecular association of four different strands4 but also by intermolecular 
association of two hairpins5 or even by intramolecular folding of a single strand6. In 
parallel with DNA G4 structures, RNA quadruplexes have been shown to occur7. The 
putative encapsidation-dimerization regions of 40 retroviruses possess guanine tract$. 
Such sequences are known to occur two to five times in different HIV-1 and -2 
isolatesg. It is well established that dimerization of the retroviral genome is governed by 
RNA-RNA rather than RNA-protein interactions through quadruplex like structure 
formation involving G-rich sequence@-11. 

Such unusual nucleic acid forms might be good targets for rational drug design 
because of their transient and rare occurrence in vivo, which might allow for highly 
selective intervention. We have designed novel foldback triplex-forming antisense 
oligonucleotides (FTFO) that bind to single stranded nucleic acid targets by both Watson- 
Crick (duplex) and Hoogsteen (triplex) hydrogen bonding formation simultaneouslyl29 13. 

Now we have explored the possibility of destablization of some of the unusual structures, 
in this instance quadruplexes, using the FTFOs. The target oligonucleotide, T [5'- 
d(TAAGGCCAGGGG GAAAGAAAAAATATAAAT) bold letters indicating the target 
site] contains a consensus sequence 5'-d(GGGGGAAAGA) known to occur in the HIV- 1 
genome several times that is necessary for dimerization through formation of quadruplex 
structure. 
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Fig. 1. Autoradiogram showing oligonucleotide 1 that can form only Watson-Crick 
duplex can not disrupt quadruplex structure. Concentration of the oligonucleotide T was 1 
X 10-9 M and the ratios of target and oligomer 1 were - lane 1: T alone; lane 2: 1:O.l; lane 
3: 1:OS;  lane 4: 1:l; lane 5: 1:2.5; lane 6: 1:5; lane 7: 1:lO; and lane 8: 1:15. Lane 9 
contained oligomer 2 instead of 1 at a ratio of 1:0.3. Typically both the oligonucleotides 
were mixed in 100 mM sodium acetate, pH 5.0 buffer, heated to 95OC for 15 min, allowed 
to cool down to room temperature and then stored at 40C overnight before performing 
electrophoresis. DS, SS, FbTrip and Tetr stand for double stranded, single stranded, 
foldback triplex and quadruplex structures, respectively. 

Sequence T formed quadruplex structure that is characterized by retarded mobility 
on non-denaturing polyacrylamide gels compared to single and double stranded structures 
in buffers containing sodium and potassium ions. The formation of the slow moving band 
was dependent on the concentration of the oligonucleotide. The formation of this structure 
was kinetically slow, but once formed it was thermodynamically stable. Replacement of 
one or two of the Gs in the sequence 5’-d(GGGGGAAAGA) with other bases resulted in 
disappearance of the slow moving band indicating the requirement of the core sequence 
GGGGG for higher order structure formation. These properties of the slow moving band 
are consistent with formation of a quadruplex-like higher order structure under the 
experimental conditions7~ 14-*7. 

We wondered whether the Watson-Crick complementary sequence, 1 [5’-d(TTT 
TTTCTTTCCCCCT)] could destabilize quadruplex formation. Titration of the target 
oligonucleotide T with the conventional antisense oligomer 1 up to a ratio of 1:15 was 
unable to destabilize the superstructure T4, except that it formed Watson-Crick duplex with 
the single strand fraction of the oligonucleotide, T in solution (Fig. 1). 

The experiments with oligonucleotide 2 (FTFO) [5’-d(TCCCCCTTTCmTTT 
tctct TT?TTTCIITTCCCCCT) lower case letters indicating nucleotides in the loop that are 
not involved in hydrogen bonding] under the same conditions as above showed an 
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Fig. 2. Autoradiogram showing oligonucleotide 2 that can form foldback triplex 
destabilizes quadruplex structure. Experiment was carried out as described for Figure 1 but 
the ratios of target sequence T and 2 are - lane 1: T alone; lane 3: 1 :0.25; lane 4: 1 :0.5; lane 
5:  1:l; lane 6: 1:2.5; lane 7: 1:5; lane 8: 1:lO and lane 9: 1:15. Lane 2 contained oligomer 1 
instead of 2 at a ratio of 1 :4. 

Fig. 3. Non-denaturing polyacrylamide gel showing oligonucleotide 2 destabilizes both 
duplex and tetraplex structures. To 1:1.2 mixture of oligomers T and 1 incubated 
overnight at 40C in 100 mM sodium acetate, pH 5.0 buffer different concentrations of 
oligonucleotide 2 were added, mixed and incubated further at room temperature for 2 hrs 
before electrophoresing as described under Figure 1. Lane 1: T alone (3.1 X M); 
lane 2: 1 : 1.2 of T and 1 and in other lanes oligomer 2 is added to 1 : 1.2 mixture of T and 1 
in concentrations - lane 3: 3.5 X 10-12 M; lane 4: 8.7 X 10-12 M; lane 5 :  1.7 X 10-11 M; 
lane 6: 2.6 X 10-ll; lane 7: 3.5 X 10-1' M; lane 8: 8.7 X M; lane 9: 1.7 X 10-lo M; 
lane 10: 2.6 X 10-10 M and lane 11: 3.5 X 10-9 M. 
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intermediate band that moved slower than duplex and faster than quadruplex structures 
(Fig. 2). At the same time disappearance of a slow moving band that corresponded to 
quadruplex structure on gels is evident in Fig. 2 at a ratio of 1:l. In contrast in the 
presence of oligonucleotide 1 at 1:4 ratio (lane 2, Fig. 2) and up to 1:15 ratio (Fig. 1) the 
slow moving band intensity was unchanged but the band corresponding to single strand 
diminished. This clearly shows that the antisense oligonucleotide 1 does not destabilize 
quadruplex structure, whereas the foldback triplex forming oligonucleotide does. 

To show further that the formation of foldback triplex is favored over duplex and 
quadruplex structures, the mixtures of oligonucleotides T and 1 (1:1.2 ratio) were titrated 
with oligonucleotide 2. In Figure 3, oligomer 2 displaced oligomer 1 from its binding site 
and formed foldback triplex and simultaneously destabilized the quadruplex band also. 
However, in a reverse experiment where mixtures of T and oligonucleotide 2 (1:l ratio) 
were titrated with oligonucleotide 1, only the band corresponding to foldback triplex 
structure, but no bands corresponding to duplex and quadruplex structures were seen (data 
not shown), indicating that oligonucleotide 1 cannot disrupt foldback triplex structure. 

In conclusion, we have demonstrated that a foldback triplex forming 
oligodeoxynucleotide can destabilize quadruplex structure. This opens up a new avenue to 
target unusual nucleic acid structures using oligonucleotides specifically to inhibit 
dimerization of retroviral RNA, thereby controlling encapsidation, affecting chromosomal 
crossover during meiosis in eukaryotes (cancers) and having possible application in gene 
therapy. 

Acknowledgments. The authors thank Ms. Patricia Iadarola for technical assistance and 
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