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Abstract
Nucleic acids containing stretches of tandem guanines can fold into four-stranded structures called
G-quadruplexes. The existence of such sequences in genomic DNA suggests the occurrence of
these motifs in cells, with potential implications in a number of biological processes relevant to
cancer. Small molecules have proven to be valuable tools to dissect cell circuitry. Here, we
describe a synthetic small molecule derived from an N,N’-bis(2-quinolinyl)pyridine-2,6-
dicarboxamide, which is designed to mediate the selective isolation of G-quadruplex nucleic acids.
The methodology was successfully applied to a range of DNA and RNA G-quadruplexes in vitro.
We demonstrate the general applicability of the method by isolating telomeric DNA-containing G-
quadruplex motifs from cells. We show that telomeres are targets for the probe, providing further
evidence of the formation of G-quadruplexes in human cells.

Natural products and related small-molecule affinity-matrices have been used extensively to
isolate proteins from cells for the purpose of target discovery1. In pioneering work, Dervan
and colleagues created synthetic small molecules with the ability to recognize particular
DNA sequences in a programmed fashion with high selectivity2. To the best of our
knowledge, there is no report on the use of small organic molecules to recognize and isolate
a nucleic acid element in a structure-dependent manner. Several articles have appeared in
the literature, suggesting that G-quadruplex nucleic acids may be involved in gene
expression3,4, telomere maintenance5 and replication stalling6. Computational analyses
have suggested that putative G-quadruplex-forming sequences are prevalent in the human
genome7. Although the existence of such structures in vitro is clear, their formation in
human cells remains elusive. The development of a small-molecule probe designed to
mediate the isolation of G-quadruplex motifs from genomic DNA is needed to establish a
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protocol conceptually similar to chromatin immunoprecipitation-sequencing8,9. Massively
parallel sequencing10 of isolated DNA fragments has the potential to reveal G-quadruplexes
that physically fold within a cellular context and inevitably provides additional insights into
G-quadruplex biological functions.

We previously described pyridostatin (1)11 (Fig. 1; also known as RR8212), which induces
telomere dysfunction and triggers the activation of a DNA damage response13, an effect that
we had linked to the stabilization of G-quadruplexes. Here, we describe a novel small
molecule derived from 1 that enables the selective isolation of G-quadruplex motifs from
human cells. Several structural and functional features were considered for the design of
such a probe, including (1) the presence of an affinity-tag to pull down DNA fragments, (2)
the ability to recognize various G-quadruplex structures with a high level of specificity over
double-stranded DNA (ds-DNA), (3) the capacity to release intact DNA for subsequent
analysis by specific polymerase chain reaction (PCR) or sequencing, and (4) a detectable
biological activity that can be related to the cellular target of interest (for example, G-
quadruplexes).

The successful design of pyridostatin prompted us to synthesize a probe based on an N,N’-
bis(2-quinolinyl)pyridine-2,6-dicarboxamide scaffold containing an affinity-tag. To obtain
optimal stacking interactions14 with G-quartets, we implemented structural features shared
by other potent G-quadruplex-binding small molecules, with particular emphasis on (1) an
electron-rich aromatic surface provided by alkoxy-side appendages and (2) the potential to
adopt a functional planar conformation15 locked by the internal hydrogen-bonding
network16, and a molecule of water potentially coordinated in the centre with available
nitrogen lone pairs (Fig. 1)17.

We prepared a small library of biotinylated analogues derived from 1, where structural
diversity arose from the nature of the biotin-linker, different side-chain lengths and
functionalities. Compound 2 (Fig. 1), which contains a hydrophilic polyethylene glycol
linked to the central pyridine core, was chosen for its enhanced water solubility properties
and tractable synthesis (Supplementary Information). Furthermore, preliminary studies using
2 with synthetic DNA demonstrated the potential to stabilize and isolate G-quadruplex DNA
motifs, which has encouraged the investigation described herein.

Results and discussion
We first evaluated the potential of 2 to selectively stabilize a series of structurally distinct
DNA G-quadruplexes as compared with ds-DNA by Förster resonance energy transfer
melting experiments (Supplementary Fig. S2). Compound 2 was found to significantly
increase the thermal stability of the human telomeric G-quadruplex (H-telo)18 and various
promoter G-quadruplexes such as C-myc (ref. 4), C-kit1 (ref. 19) and C-kit2 (ref. 20) but not
of ds-DNA. For example, 2 induced an increase in the melting temperature (ΔTm) of H-telo
by 30.1 K at 1 μM, and by 27.8 K in the presence of 100 mole equivalents of unlabelled ds-
DNA competitor. At this concentration, no apparent stabilization of a dual-labelled ds-DNA
oligonucleotide was observed. The presence of up to 100 mole equivalents of unlabelled ds-
DNA competitor hardly altered the melting profile of the G-quadruplex studied. This is
characteristic of a high specificity of 2 towards these motifs, further demonstrating that G-
quadruplex structure stabilization is a general feature of 2. In contrast, a ΔTm of 35 K was
recorded at 0.2 μM of 1, and remained unaffected by the presence of 100 mole equivalents
of ds-DNA competitor11.

The introduction of a biotin affinity-tag partially altered the potential of 2 to stabilize G-
quadruplex motifs compared with pyridostatin, but did not affect its specificity towards G-
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quadruplexes over ds-DNA. We next explored the aptitude of 2 to selectively pull down G-
quadruplex motifs from solution. Nucleic acid solutions containing either H-telo or ds-DNA
were incubated with different amounts of 2 and streptavidin-coated magnetic beads. The
supernatants were collected and subjected to UV absorbance measurements to measure the
amount of residual DNA. Increasing the concentration of 2 resulted in a reduction in
absorbance at ~260 nm, indicative of H-telo being pulled down from solution (Fig. 2a). The
same protocol was successfully applied to other DNA and RNA G-quadruplexes, including
C-myc (ref. 4), C-kit1 (ref. 19), C-kit2 (ref. 20) and N-ras (ref. 21) (Supplementary Fig. S3).
In comparison, it was not possible to pull down either a control ds-DNA (Fig. 2b) or a short-
hairpin RNA. We then investigated whether it was possible to recover G-quadruplex nucleic
acids from beads, a critical step that renders the methodology applicable for future
sequencing. After removal of the supernatants, the beads were re-suspended in denaturing
buffer and heated. The solutions were separated from the beads and analysed by UV. The
amplitudes of recovered H-telo signals were higher for samples obtained from beads with a
higher loading of 2 (Fig. 2c). However, no UV signal was observed for ds-DNA, supporting
the fact that ds-DNA had not been pulled down (Fig. 2d). Heat and molar concentrations of
denaturing agents such as lithium salts or urea were required to unfold and recover the
oligonucleotides from beads, characteristic of a strong interaction of 2 with G-quadruplexes.

To confirm that the protocol was not detrimental to DNA, we performed pull-down
experiments on H-telo: ds-DNA mixtures that were monitored by gel electrophoresis. For
supernatants obtained after pull-down, the intensity of the band corresponding to H-telo
decreased in a dose-dependent manner with increasing amounts of 2, as opposed to the ds-
DNA band intensity, which remained unaffected (Fig. 2e). For solutions obtained after DNA
recovery, bands corresponding to H-telo were restored with intensities that increased in a
dose-dependent manner with increasing amounts of 2, whereas no band was visible for ds-
DNA. This shows that recovery of H-telo from beads is achievable without altering DNA
integrity, and confirms that 2 is unable to pull down ds-DNA. A similar protocol was
applied to other promoter G-quadruplexes, demonstrating that the molecule operates in a
structure-specific as opposed to a sequence-specific manner (Supplementary Fig. S4). We
successfully applied this methodology to pull down over 100-mer-long oligonucleotides
containing a G-quadruplex-forming sequence, indicating that it can be used to pull down
longer genomic DNA fragments (Supplementary Table S1 and Figs S5,S6). In addition, a
101-mer containing the C-myc G-quadruplex motif was isolated in the presence of its
complementary strand, suggesting that the motif is in dynamic equilibrium that can be
driven towards G-quadruplex folding on the addition of 2, as previously observed for other
small molecules22. Moreover, the introduction of mutations that prohibit G-quadruplex
formation abrogated DNA pull-down, highlighting the structural requirement for pull-down
to occur.

To ascertain that the biotin–linker moiety did not impair the biological properties of 2, we
evaluated the growth inhibitory properties of pyridostatin and 2 towards HT1080 human
cancer cells. After 72 h of incubation, 1 and 2 induced the inhibition of cell growth with
respective IC50 values of 0.6 and 13.4 μM. No cell death occurred at these concentrations.
Furthermore, time-dependent G-overhang shortening23 was observed (Fig. 3a,b),
accompanied by long-term growth arrest and β-galactosidase activity characteristic of
replicative senescence24 (Supplementary Figs S7–S9). The increase in the IC50 value
measured for 2 may be the result of a decrease in its G-quadruplex stabilization properties
compared with 1 or an alteration of its cellular uptake and metabolism because of the
presence of the biotin–linker moiety. Nevertheless, the conservation of growth inhibitory
properties and the alteration of telomere length make 2 a suitable molecular probe25 to
study G-quadruplexes in cells.
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We next applied the methodology to the isolation of telomeric DNA from HT1080 cells to
establish a correlation with the phenotype induced by 2 and to validate telomeric G-
quadruplexes as a cellular target for 2. The small molecule was incubated with human
genomic DNA obtained from HT1080 cells. Before the incubation with 2 and streptavidin-
coated beads, DNA was subjected to shearing, typically producing 100–300 bp fragments
suitable for pull-down (Supplementary Fig. S10). Specific quantitative PCR (qPCR)
amplification was performed on the supernatant with primers designed for telomeric DNA
and for a control gene containing no putative G-quadruplex sequence26. Comparative
analysis of the percentage of remaining DNA before and after pull-down showed a decrease
in the total amount of telomeric DNA in a dose-dependent manner, whereas the quantity of
control gene remained unaffected, in agreement with a selective pull-down of telomeric
fragments (Fig. 3c). Specific dose-dependent qPCR amplification performed on the DNA
recovered from beads further demonstrated the presence of telomeric DNA in the pull-down
extracts (Fig. 3d and Supplementary Fig. S11). It is possible that nucleic acid fragments
comprising similar sequences found elsewhere in the genome may have also been pulled
down.

These results indicate that 2 is capable of selective recognition and stabilization of G-
quadruplex-containing nucleic acids, allowing their isolation from human cells. Specific G-
quadruplex antibodies have previously been used to demonstrate the existence of G-
quadruplexes at telomeres of Stylonychia lemnae, giving a rationale underlying their
putative biological function27. Here, we have shown that human telomeric DNA is a
molecular target for 2, providing further evidence of the formation of G-quadruplexes at
human telomeres and their implication in telomere maintenance. The small-molecule
affinitytag has been used to selectively isolate a nucleic acid element in a structure-
dependent manner. The implication of this novel concept may be extended to explore other
putative G-quadruplex sequences in the human genome and will be used to provide insights
into G-quadruplex functions in a cellular context.

Methods
Protocol for selective pull-down and recovery of G-quadruplex nucleic acids

Oligonucleotide stock solutions of 100 μM were prepared using molecular biology grade
RNase-free water. Further dilutions were carried out in annealing buffer containing 10 mM
Tris·HCl (pH 7.4) and 60 mM potassium chloride. Samples were annealed by heating at 94
°C for 10 min followed by slow cooling to room temperature at a controlled rate of 0.1 °C
min−1.

In a typical pull-down experiment involving synthetic oligonucleotides, 100 μl of
oligonucleotide at 5 μM was incubated with a defined quantity of 2 (0, 3.0, 4.5, 6.5, 10.0
and 15.0 μM) for 30 min at room temperature. Similarly, in experiments involving G-
quadruplex DNA–ds-DNA mixtures, 50 μl of a 5 μM ds-DNA solution was added to 50 μl
of a 5 μM G-quadruplex DNA solution, and the mixture was incubated with a defined
quantity of 2 (0, 3.0, 4.5, 6.5, 10.0 and 15.0 μM) for 30 min at room temperature. One vial
of streptavidin-coated magnetic beads (Streptavidin MagneSphere paramagnetic particles,
Promega), which had been washed twice with 300 μl of annealing buffer, was then
incubated with the solution for 30 min at room temperature. The supernatant was separated
from the beads by magnetic separation and analysed by UV or gel electrophoresis. In a
typical recovery experiment, the beads collected after pull-down were washed twice with
100 μl of 10 mM Tris·HCl (pH 7.4). For experiments involving DNA, 100 μl of an 8 M
aqueous solution of lithium chloride (LiCl) was added per vial of beads and incubated for 30
min at room temperature. The beads were heated for 5 min at 60 °C and the solution was
separated from the beads by magnetic separation. Before analysis by gel electrophoresis, the
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supernatant was purified using Illustra MicroSpin G-25 columns to remove LiCl (GE-
Healthcare). For experiments involving RNA, 100 μl of an 8 M aqueous urea solution was
added to each vial of beads and incubated for 30 min at room temperature. The solution was
separated by magnetic separation and analysed by UV without further purification.

In a typical pull-down experiment involving genomic DNA, 100 μl of sonicated DNA (0.52
μM annealed in annealing buffer) was incubated with a defined quantity of 2 (0, 2.6, 5.2 and
10.4 μM) for 2 h at room temperature. The solution was then incubated with one vial of
streptavidin-coated magnetic beads, which had been washed twice with 300 μl of annealing
buffer, for 1 h at room temperature. The supernatant was separated from the beads by
magnetic separation, purified using the QIAquick Nucleotide Removal Kit (Qiagen), and
subjected to specific qPCR amplification of telomere and control gene 36B4. Following
pull-down, the collected beads were washed twice with 100 μl of 10 mM Tris·HCl (pH 7.4).
Urea solution (100 μl, 8 M aqueous) was added to each vial of beads and the solution was
incubated for 30 min at room temperature. Solutions were recovered by magnetic separation
and purified using Illustra MicroSpin G-25 (GE-Healthcare) columns. Telomere-specific
qPCR was performed on these solutions using the protocol described in the Supplementary
Information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Molecular structures of 1 and 2
Pyridostatin 1 (black) coordinated with a molecule of water (blue). Small-molecule probe 2
containing an electron-rich aromatic surface (black), water-soluble alkoxy-side appendages
(purple), a biotin affinity-tag (red) and a hydrophilic linker (blue).
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Figure 2. Molecular probe 2 mediates selective G-quadruplex isolation from solution
a, UV absorbance measurements of remaining DNA in supernatants after pull-down carried
out on 5 μM H-telo (5′-(G3TTA)3G3-3′). The decrease in UV absorbance with increasing
amounts of 2 shows that the G-quadruplex containing oligonucleotide has been pulled down
from solution. b, UV absorbance measurements of remaining DNA in supernatants after
pull-down carried out on 5 μM ds-DNA (5′-
CAATCGGATCGAATTCGATCCGATTG-3′). The constant amplitude of UV signals
demonstrates that 2 is unable to pull down ds-DNA. c, UV absorbance measurements of
solutions obtained from 5 μM H-telo containing samples after recovery from beads. The
increase in UV absorbance shows that H-telo was loaded on beads after pull-down and was
released in solution after urea treatment. d, Residual UV absorbance of solutions obtained
from 5 μM ds-DNA containing samples after urea treatment. The absence of signal shows
that ds-DNA was not loaded on beads, consistent with the absence of ds-DNA pull-down. e,
Gel demonstrating the selective G-quadruplex pull-down and recovery of intact H-telo after
urea treatment, and the absence of ds-DNA pull-down. The experiment was performed on a
2.5 μM : 2.5 μM mixture of H-telo : ds-DNA.
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Figure 3. Molecular probe 2 induces in cellulo G-overhang shortening and mediates G-
quadruplex-containing telomeric fragment isolation from human cells
a, Telomeric G-overhang erosion in HT1080 cells on incubation with 1 and 2, as observed
by hybridization of a radio-labelled telomeric probe with genomic DNA normalized against
ethidium bromide (EtBr) signals. This suggests a direct interaction of the small molecules
with telomeric G-quadruplexes. b, Histogram showing the time-course hybridization signal
decrease on incubation of HT1080 cells with 1 and 2 (n = 4). c, Percentage of the remaining
telomeric sequence and 36B4 control gene in supernatants after pull-down performed on
0.52 μM genomic DNA (n = 5). This shows that 2 interacts selectively with G-quadruplex
motifs containing human DNA. d, PCR amplification products of telomeric sequences after
DNA recovery from 2, demonstrating that 2 mediates the selective pull-down and release of
G-quadruplex-containing DNA. This establishes a direct correlation between G-quadruplex
motifs existing at human telomeres and the G-overhang shortening induced by 2. s.d. *P ≤
0.05, **P ≤ 0.01, ***P ≤ 0.0001.
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