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We have examined the formation of intramolecular quadruplex DNA structures in which the loops have been
extended so as to generate short DNA duplexes. Fluorescence melting and DNase I cleavage studies show that
duplexes can be formed within each loop, but that duplexes between the loops are not stable.

Introduction
G-rich DNA sequences can fold to form four-stranded DNA
structures, known as quadruplexes (tetraplexes), which contain
stacks of G-quartets.1–3 These structures may be adopted by
telomeric DNA repeats 4,5 as well as other genetic control
regions 6–10 and form the platform for folding of several aptamer
molecules.11–14 Some of these folded structures contain inter-
actions between bases within the loops that connect the differ-
ent strands.6,10 We have examined whether these loops can be
extended to form DNA duplexes and have prepared oligo-
nucleotides which have the potential for forming duplexes
between the two arms of each loop (intra-loop) or between
adjacent loops (inter-loop). Models for how these oligonucleo-
tides might fold are shown in Fig. 1. The stability of these
structures was examined by determining their thermal melting
profiles under different ionic conditions while the location of
duplex regions was assessed by cleavage with DNase I.

Results

Fluorescence melting studies

We have previously shown that quadruplex DNA melting
profiles can be measured using oligonucleotides containing
appropriately placed fluorophores and quenchers using a
LightCycler.15 When the oligonucleotide is folded the fluoro-
phore and quencher are in close proximity and the fluorescence

is quenched. When the strands separate the fluorophore and
quencher are a large distance apart and there is a large increase
in fluorescence signal. Melting profiles for the inter- and intra-
loop oligonucleotides, together with the human telomeric
repeat sequence are shown in Fig. 2 in sodium- and potassium-
containing buffers, and the T m values are summarised in Table
1. Both oligonucleotides produce clear fluorescence melting
transitions under all the conditions employed, confirming that
the oligonucleotides have folded into a configuration in which
the fluorophore and quencher are in close proximity. It can be
seen that the intra- and inter-loop oligonucleotides melt at
lower temperatures than the human telomeric repeat sequence
under all conditions tested. The T m values for the intra-loop
and human telomere sequences are higher in the presence of
potassium than sodium, as expected for structures that contain
G-quartets. In contrast the inter-loop has the same T m in both
potassium- and sodium-containing buffers.

We have previously shown that the human telomeric
sequence shows hysteresis between the heating and melting
profiles,15 and that the T m values estimated from annealing are
lower than those determined from the melting curves. This is
caused by the slow rate of folding and unfolding of these com-
plexes, so that the reaction is not at thermodynamic equilibrium
during the heating and cooling cycles (in which the temperature
is changed at 0.1 �C s�1). This hysteresis is most apparent at low
potassium concentrations and is not observed in the presence
of sodium. It can be seen (Fig. 2) that the intra-loop oligo-
nucleotide displays a similar pattern of hysteresis, while there

Fig. 1 Possible folding patterns of the oligonucleotides designed to form inter- and intra-loop structures. The arrows indicate the polarity of the
DNA strands, running from 5� to 3�. The sequences are labeled at the 3�-end with dR-MeRed (red circle) and with dR-FAM (green circle) at
the 5�-end. H = hexaethylene glycol linker. The various mini-duplexes are shown in different colors. The arrows show the oligonucleotide backbone in
the direction 5�–3�. For the intra-loop this can be traced as 5�-FAM-GGGTAGCAG-H-CTGCTAGGGTTGCTG-H-CAGCAAGGGTGCAGC-H-
GCTGCAGGG-MeRed, while for the inter-loop this is 5�-FAM-GGGTAGCAG-H-GTCGCAGGGTTGCTG-H-CAGCAAGGGTGCGAC-H-
CTGCTAGGG-MeRed. A) Folded structure for the intra-loop oligonucleotide, generating an intramolecular quadruplex with mini-duplexes formed
within each extended loop. B) Folded structure for the inter-loop quadruplex, generating an intramolecular quadruplex with mini-duplexes formed
between the extended loops. C) Unfolded structure of the inter-loop oligonucleotide forming an intramolecular duplex.D
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Table 1 T m values (K) for melting and annealing of the various intramolecular quadruplexes. All experiments were buffered at pH 7.4

 
Intra-loop Inter-loop (GGGTTA)3GGG

Melt Anneal Melt Anneal Melt Anneal

50 mM Potassium phosphate 328 325 325 326 346 345
50 mM Sodium phosphate 319 318 327 327 329 328
50 mM Potassium phosphate � 1 mM MgCl2 330 327 327 327 346 345
10 mM Lithium phosphate Too low

to measure
Too low
to measure

316 315 Too low
to measure

Too low
to measure

10 mM Lithium phosphate � 10 mM LiCl 314 311 320 319 Too low
to measure

Too low
to measure

10 mM Lithium phosphate � 40 mM LiCl 320 318 327 327 310 310
10 mM Lithium phosphate � 10 mM KCl 319 311 318 318 330 325
10 mM Lithium phosphate � 40 mM KCl 319 321 324 324 340 336

are no differences in the heating and annealing profiles for the
inter-loop. These results again suggest that the intra-loop oligo-
nucleotide contains a typical G-quadruplex, while the inter-
loop does not. The presence of duplex regions in the folded
structures of the inter- and intra-loop oligonucleotides is also
suggested by the observation that addition of 1 mM MgCl2

increases their T m values by about 2 K. In contrast this concen-
tration of magnesium has no effect on the human telomeric
repeat sequence. Higher concentrations of MgCl2 (10 mM) sta-
bilize all three oligonucleotides, though the intra- and inter-
loop are stabilized more than the human telomeric sequence.
Similarly we find that the intra- and inter-loop structures are
both stabilized by ethidium bromide and actinomycin D, while
these ligands have no effect on the human quadruplex sequence
(not shown).

Fig. 2 Fluorescence melting and annealing profiles for the intra-loop
(first column) and inter-loop (middle column) oligonucleotides,
together with data for the human telomeric repeat sequence
(GGGTTA) with TTA in the loops (right hand column). The red curves
are melting profiles while the black are annealing profiles. The y-axis
shows the normalized relative fluorescence. The experiments were
performed in 50 mM potassium phosphate pH 7.4 (first row), 5 mM
potassium phosphate pH 7.4 (middle row) or 50 mM sodium phosphate
pH 7.4 (bottom row).

It is well known that quadruplexes are much less stable in
the presence of lithium ions and the order of stabilization is
K� > Na� >> Li�.16 We therefore performed similar experi-
ments in lithium-containing buffers and the results are shown in
Fig. 3 and Table 1. It can be seen that both the human telomeric
and the intra-loop sequences are destabilized by the presence of
lithium and a large part of the melting transition occurs below
300 K. Addition of potassium restores the melting transitions
in a concentration dependent fashion. This cannot be simply
due to increased ionic strength as the addition of equivalent
amounts of lithium has only a small effect on T m. Again
these melting curves show hysteresis between the melting and
annealing. In contrast lithium has little or no effect on the
melting of the inter-loop sequence and the T m is increased
by a similar amount on adding potassium or lithium. These
results again suggest that the human telomeric and intra-
loop sequences contain quadruplex structures, while the
inter-loop does not.

Gel mobility

We confirmed that the inter- and intra-loop oligonucleotides
adopt different structures by comparing their mobilities on
non-denaturing polyacrylamide gels (Fig. 4A). Since these two
oligonucleotides are the same length, any differences in mobil-
ity must reflect their different folding patterns. It can be seen
that, in the presence of 50 mM KCl, the inter-loop has about
20% faster mobility.

DNase I cleavage

The structure of these folded oligonucleotides was also
studied by examining their cleavage by DNase I. This enzyme
should cut in the duplex portions, while the stacked G-quartets
should be refractory to cleavage. The cleavage patterns with
DNase I are shown in Fig. 4. It can be seen that the intra-loop
produces the expected cleavage pattern with no cutting in the
G-tracts. In contrast there is significant cleavage within the
G-tracts of the inter-loop, suggesting that these are not
involved in G-quadruplexes.

Discussion

The melting profiles for the intra-loop oligonucleotide suggest
that this does indeed fold into a quadruplex structure, contain-
ing duplexes in the extended loop. Its T m values are higher in
potassium than sodium and it is destabilized by addition of
lithium; the observed hysteresis suggests that it contains a com-
plex structure which is slow to form and there is no DNase I
cleavage within the G-tracts. These properties are similar to
those of the human telomeric sequence. In contrast the data for
the inter-loop sequence are not consistent with quadruplex
formation; the melting curves are similar in sodium-, potas-
sium- and lithium-containing buffers and there is DNase I
cleavage within the G-tracts. We suggest that this forms an
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Fig. 3 Fluorescence melting and annealing profiles for the intra- and inter-loop oligonucleotides, together with data for the human telomeric repeat
sequence (GGGTTA) measured in lithium-containing buffers. The red curves are melting profiles while the black are annealing profiles. The y-axis
shows the normalized relative fluorescence. All reactions were performed in 10 mM lithium phosphate pH 7.4, containing 0, 10 or 40 mM LiCl or
KCl.

extended hairpin duplex by unpairing through the center of the
folded structure generating the unfolded hairpin duplex shown
in Fig. 1C. This hairpin duplex contains several G.G mis-
matches. In the usual quadruplex representation the central
loop (the left hand loop in Fig. 1A) crosses the stacked quartets.
This crossed arrangement is not accessible for the inter-loop as
the duplexes between adjacent loops would have a parallel
rather than an antiparallel arrangement. In contrast the intra-
loop sequence could form either crossed or uncrossed struc-
tures. It is possible that crossing the strands at the central
loop provides added stability to the structure. It should be
noted that a recent crystal structure of the human telomere
sequence suggests that all four strands are parallel.5 This
arrangement would also permit the formation of the intra- but
not the inter-loop structure.

Experimental

Oligonucleotides

Oligonucleotides were purchased from Oswel DNA service,
Southampton, UK and were purified by gel electrophoresis.
Oligonucleotides for the fluorescence melting experiments con-
tained a fluorophore (fluorescein, dR-FAM) at the 5�-end and a
quencher (Methyl Red, dR-MeRed) at the 3�-end. These fluor-
ophores are positioned so that, when the oligonucleotide folds
into the structures shown in Fig. 1, they are in close proximity
and the fluorescence is quenched. When these structures unfold
the fluorophore and quencher are separated by a large distance
and there is a large increase in fluorescence. The sequences of
the oligonucleotides were: intra-loop, 5�-dRFam-GGGTAG-
CAG-H-CTGCTAGGGTTGCTG-H-CAGCAAGGGTGCA-
GC-H-GCTGCAGGG-dRMeRed, while for the inter-loop this
is 5�-dRFam-GGGTAGCAG-H-GTCGCAGGGTTGCTG-
H-CAGCAAGGGTGCGAC-H-CTGCTAGGG-dRMeRed,
(H = hexaethylene glycol). The intended folded conformations
of these oligonucleotides are shown in Fig. 1. The human telo-

meric DNA sequence, which was used in our previous studies,15

has the sequence dRMeRed-GGGTTAGGGTTAGGGT-
TAGGG-dRFam.

The oligonucleotides used for the DNase I cleavage experi-
ments contained the same DNA sequences, without the fluoro-
phore and quencher, but with an additional T10 attached to the
5�-end to enable resolution of all the bands in the quadruplex
region on a polyacrylamide gel. These oligonucleotides were
labeled at the 5�-end using γ-32P-ATP and polynucleotide
kinase. The radiolabelled species were purified on denaturing
polyacrylamide gels.

Fluorescence melting studies

Fluorescence melting curves were determined in a Roche
LightCycler as previously described,15 using a total reaction
volume of 20 µL. For each reaction the final oligonucleotide
concentration was 0.25 µM, diluted in an appropriate buffer. In
a typical experiment the samples were first denatured by heating
to 95 �C at a rate of 0.1 �C per second. The samples were then
maintained at 95 �C for 5 minutes before annealing by cooling
to 25 �C at 0.1 �C per second (this is the slowest heating and
cooling rate for the LightCycler). They were held at 25 �C for a
further 5 minutes and then melted by heating to 95 �C at 0.1 �C
per second. Recordings were taken during both the melting
steps as well as during the annealing. The LightCycler has one
excitation source (488 nm) and three channels for recording
fluorescence emission at 520, 640 and 705 nm. For the studies in
this work we measured the changes in fluorescence at 520 nm.
T m values were determined from the first derivatives of the
melting profiles using the Roche LightCycler software. Each
reaction was performed in triplicate and the T m values usually
differed by less than 0.5 �C.

DNase I cleavage

Radiolabelled oligonucleotides (3 µL) were diluted in 50 mM
sodium (or potassium) phosphate buffer pH 7.4. These were
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Fig. 4 A) Mobility of the intra- and inter-loop oligonucleotides
in non-denaturing polyacrylamide gel electrophoresis. 3 µl of each
oligonucleotide (10 µM) dissolved in 50 mM potassium phosphate
pH 7.4 were loaded into each lane of a 10% polyacrylamide. The gel
and running buffer were made with TBE buffer which had been
supplemented with 50 mM KCl. The arrow shows the direction of
electrophoresis. B) DNase I digestion patterns for the inter- and intra-
loop complexes. Tracks labeled K and Na correspond to 50 mM
potassium phosphate or 50 mM sodium phosphate respectively. The
DNA was labeled at the 5�-end with 32P. The 5�-end of these
oligonucleotides contained an additional ten T residues to enable
resolution of the bands on the gel. Tracks labeled GA are markers
specific for G and A. The bars indicate the location of the blocks of
G-residues in the DNase I cleavage patterns. Note that the products
of DNase I digestion run slower than the marker lanes as DNase I
generates labelled fragments with a hydroxyl group at the 3�-end
while the products of Maxam–Gilbert sequencing reactions have a
3�-phosphate. This difference is greatest for shorter fragments. The
brackets indicate the regions where DNase I products are found in
the inter-loop, but not the intra-loop.

digested by adding 2 µL DNase I, which had been diluted in
20 mM NaCl, 2 mM MgCl2, 2 mM MnCl2 at a concentration of
about 0.01 units ml�1. The reaction was stopped after 1 minute
by adding 4 µL of a formamide solution containing 10 mM
EDTA and 0.1% (w/v) bromphenol blue. The samples were
heated at 100 �C for 3 minutes and resolved on a 16% polyacryl-
amide gel containing 8 M urea. After electrophoresis the gels
were fixed in 10% (v/v) acetic acid, transferred to Whatmann
3MM paper and dried under vacuum at 80 �C. The dried
gels were exposed to a Kodak storage phosphor screen, which
was scanned using a Molecular Dynamics Storm 860 phos-
phorimager. Bands in the digest were assigned by comparison
with Maxam–Gilbert marker lanes specific for purines. It
should be noted that DNase I generates labelled fragments with
a hydroxyl group at the 3�-end while the products of Maxam–
Gilbert sequencing reactions have a 3�-phosphate. As a result
the products of DNase I digestion run slower than the marker
lanes; this difference is greatest for shorter fragments.
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