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Ligand Binding to Tandem G Quadruplexes from Human Telomeric DNA

Li-Ping Bai,[a] Masaki Hagihara,[b] Zhi-Hong Jiang,*[a] and Kazuhiko Nakatani*[b]

Ligand-induced stabilization of intramolecular telomeric G qua-
druplexes produced in the single-stranded overhang of the
human telomere has become an attractive strategy for the de-
velopment of anticancer drugs.[1] Several distinct solution con-
formations of human telomeric G quadruplexes have been elu-
cidated in the presence of sodium[2] and potassium[3] cations.
The K+-form, hybrid-type G-quadruplex structure has been
considered to be a physiologically relevant conformation of
the human telomeric sequence, and thus, can be specifically
targeted by G-quadruplex-interactive, small-molecule
ACHTUNGTRENNUNGdrugs.[3a,b] Recently, a beads-on-a-string model was proposed
for the telomeric overhang, in which every four consecutive G-
rich repeats adopt an individual G-quadruplex structure, and
two G-quadruplex units are connected by one TTA linker.[3a, c, 4]

Ligand binding to the G quadruplex has mostly been investi-
gated on telomere sequences producing a single G quadru-
plex, but few studies of ligand binding to beads-on-a-string
G quadruplexes have been reported. To gain insight into the
beads-on-a-string model and the nature of ligand binding, we
undertook the polymerase stop assay on human telomere se-
quences of three to eight repeats (Table S1 in the Supporting
Information) with TMPyP4, a G-quadruplex-interactive ligand,[5]

and sanguinarine (Scheme 1), a natural isoquinoline alkaloid.
The results described in this paper confirm the beads-on-a-
string structure of telomeric overhang and suggest a mode of

ligand binding between tandem G-quadruplex beads. These
observations should be taken into account for structure-based
design of anticancer drugs targeting human telomeric DNA.

Sanguinarine is a natural isoquinoline alkaloid isolated from
the North American herb bloodroot (Sanguinaria canadensis). It
was approved by the FDA in 2003 to be added to oral cleans-
ing products as an antibacterial agent. Sanguinarine also pos-
sesses potent anticancer activity.[6] We have previously report-
ed its DNA-binding activity and distinct sequence selectivity to
double-stranded DNA,[7] which was proposed to be one of the
molecular mechanisms of its anticancer activity. The structural
similarity of sanguinarine with berberine, another isoquinoline
alkaloid possessing G-quadruplex-binding activity,[8] prompted
us to speculate that sanguinarine is probably a G-quadruplex
binder. In this communication, we report its binding to the
ACHTUNGTRENNUNGtelomeric overhang using DNA polymerase stop assays.[9] DNA
templates Tem-3 and Tem-4 (Table S1), which contains three
and four human telomeric repeats d ACHTUNGTRENNUNG(TTAGGG), respectively,
were employed, and TMPyP4 was used as the reference com-
pound in the assay.[5,9a,10] Neither TMPyP4 nor sanguinarine
blocked DNA synthesis on Tem-3, because an intramolecular G-
quadruplex structure could not form with three human telo-
meric repeats on Tem-3 (Figure 1). In contrast, both sanguinar-
ine and TMPyP4 produced paused bands in DNA synthesis on
Tem-4. The position of the paused bands was the same for the
two ligands. For each ligand, a series of concentration-depen-
dent paused bands appeared at the beginning of the G-quad-
ruplex-forming site, that is, the first site of G-rich repeats in
Tem-4 (from 3’ to 5’). In the presence of 3 mm TMPyP4, the
polymerase reaction was totally suppressed to give no elonga-
tion of the primer. The tight binding of sanguinarine and
TMPyP4 to the K+-form hybrid-type G-quadruplex structure
was clearly indicated from the large increase in the melting
temperature (DTm) of dAGGG ACHTUNGTRENNUNG(TTAGGG)3 (11.4 8C for sanguinar-
ine and 9.5 8C for TMPyP4 in a 2:1 ligand/DNA molar ratio).
ACHTUNGTRENNUNGFurthermore, a broad negative induced band at 351 nm in the
CD spectra confirmed the interaction between sanguinarine
and the K+-form G quadruplex formed by dAGGG ACHTUNGTRENNUNG(TTAGGG)3
(Figure 2).

Regarding the mode of ligand binding to the G quadruplex,
NMR,[9b, 10a,11] fibre diffraction,[12] and single-crystal X-ray crystal-
lographic analyses[10b,13] have confirmed that a variety of planar
aromatic binders including TMPyP4 interact with the G quadru-
plex by end stacking rather than intercalation between G te-
trads. TMPyP4 was also found to stack onto the external loop
of a bimolecular G quadruplex in a crystal structure.[10b] Recent-
ly, electrospray ionization time-of-flight mass spectrometry
(ESI-TOF-MS) has been used to analyze complexes of G quadru-
plexes with ligands, since G quadruplexes can maintain their
structure in the gas phase in the presence of a suitable cation
such as NH4

+ .[14] ESI-MS showed the ammonium ion to be lo-

Scheme 1. Chemical structures of sanguinarine and TMPyP4.
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cated between the G-tetrads.[15] In addition, ESI-MS in combina-
tion with ion-mobility spectrometry and molecular modelling
has revealed that end stacking is the dominant binding mode
of aromatic planar ligands to G quadruplexes, because end-

stacked structures are lower in energy than the intercalated
ones.[15a] In the ESI-MS spectra of sanguinarine with dAGGG-
ACHTUNGTRENNUNG(TTAGGG)3 in a 1:1 molar ratio (Figure 3), the complex peaks
with two ammonium cations, especially the predominant

peaks of [T4+2NH4
++D]4� and [T4+2NH4

++2D]4�, distinctly
indicated that two molecules of sanguinarine bind to the
G quadruplex by end-stacking, based on the consideration that
two ammonium ions are conserved between three tetrads[15a–c]

and on the finding that other complexes with stoichiometries
greater than 1:2 are, at best, very minor components.

The absorption spectra of sanguinarine with dAGGG-
ACHTUNGTRENNUNG(TTAGGG)3 in a 2:1 molar ratio showed a red shift of 10 nm
(from 326 nm to 336 nm) associated with 44% hypochromism
(Figure 4). These remarkable spectral changes disclosed p–p-
stacking interactions between the chromophore of sanguinar-
ine and the G quartet.[10a, 17] On the basis of the characteristic
absorption spectral changes and the complex peak of
[T4+2NH4

++2D]4� in the ESI-MS spectrum, sanguinarine most
likely binds to the G quadruplex by end stacking, the same

Figure 1. Concentration-dependent inhibition of Taq polymerase DNA syn-
thesis by G-quadruplex-binding ligands on DNA templates containing 3 or
4 human telomeric repeats. Lanes 1–4: marker A, C, G and T; lanes 5–8:
TMPyP4 (0, 0.3, 1 and 3 mm) ; lanes 9–14: sanguinarine (0, 0.3, 1, 3, 10 and
30 mm) for each DNA template. * Primer, ** full-length product, *** paused
bands. The lane markers represent dideoxy sequencing reactions with the
same template as a size marker for the precise arrest sites.[16]

Figure 2. CD spectra of dAGGG ACHTUNGTRENNUNG(TTAGGG)3 (5 mm) with sanguinarine in
25 mm Tris-HCl buffer (pH 7.0) containing 100 mm KCl. The sanguinarine
concentrations were 0 mm (c), 30 mm (····) and 62.5 mm (a), respectively.

Figure 3. Negative ESI-TOF-MS spectrum of an equimolar mixture of sangui-
narine (D, 100 mm) and telomeric sequence dAGGG ACHTUNGTRENNUNG(TTAGGG)3 (T4, 100 mm).
The inset is an enlargement of the distribution of ammonium adducts for the
�4 charge state of the G quadruplex and complexes. The numbers represent
the number of attached ammonium ions.

Figure 4. Absorption spectra of sanguinarine (6.0 mm) in the absence (c)
or presence of dAGGG ACHTUNGTRENNUNG(TTAGGG)3 (3.0 mm, ····) in 25 mm Tris-HCl buffer
(pH 7.0) containing 100 mm KCl.
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mode of binding of TMPyP4 to a G quadruplex in solution
state, which was revealed by NMR.[10a]

To observe the effect of ligand binding to G quadruplex
beads and the formation of any characteristic paused bands,
we further explored the DNA polymerase stop assay with
longer human telomeric DNA (5–8 G-rich repeats, Table S1, Fig-
ure 5A). With Tem-5 as the template, paused bands were de-
tected at two GGG sites : one at the first GGG site and the
other at the second GGG site from the 3’ end. Paused bands
were not detected at the other three GGG sites. The intensity
of the paused bands was slightly stronger for the 3’-side GGG
site. These observations were clearly rationalized by the fact
that there was an almost equal chance to form a G quadruplex
with four out of the five contiguous GGG sites in Tem-5. As the
number of GGG sites increased to six in Tem-6 and seven in
Tem-7, the formation of paused bands was observed at three
and four GGG sites, respectively. The site of paused bands was

rationalized by the same argument as for Tem-5. However, a
quite different and characteristic pattern of the paused bands
appeared on Tem-8. The intensities of the observed five bands
were markedly different. The most intense paused band was
observed at the first GGG site from the 3’ end. The next most
intense band was detected at the fifth GGG site, but its intensi-
ty was much weaker than that of the strongest paused band,
that is, the first one. Only faint bands were detected at the
other three GGG sites. This suggested that DNA with eight G-
rich repeats mainly formed four kinds of G quadruplex species,
the predominant species composed of two tandem G quadru-
plexes and three distinct minor species.

An important observation was made in the polymerase stop
assay with a small increment of ligand concentration (Fig-
ure 5B). Bands were exclusively produced at the first GGG site
when the molar ratio of sanguinarine to Tem-8 was less than
or equal to 1:1 (Figure 5B, lanes 11 and 12 in Tem-8). When

Figure 5. Concentration-dependent inhibition of Taq polymerase DNA synthesis by G-quadruplex-binding ligands on DNA templates containing 5 to 8 human
telomeric repeats. A) Lanes 1–4: marker A, C, G and T; lanes 5–7: TMPyP4 (0, 0.3 and 1 mm) ; lanes 8–10: sanguinarine (0, 0.3 and 1 mm) for each DNA template;
B) Lanes 1–4: marker A, C, G and T; lanes 5–9: TMPyP4 (0, 0.1, 0.15, 0.3 and 1 mm) ; lanes 10–15: sanguinarine (0, 0.1, 0.15, 0.3, 1 and 3 mm) for each DNA tem-
plate. The concentrations of primer and DNA template were 0.1 and 0.15 mm, respectively. * Primer, ** full-length product, *** paused bands. The lane markers
represent dideoxy sequencing reactions with the same template as a size marker for the precise arrest sites.[16]
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the sanguinarine/Tem-8 molar ratio increased, a series of
paused bands with different intensity appeared. These obser-
vations were obtained for both sanguinarine and TMPyP4. The
formation of paused bands exclusively at the first GGG site
showed that the two-tandem-G-quadruplex structure was the
most energetically favourable species among the six possible
species existing at a 1:1 molar ratio. It was also apparent from
the PAGE analyses that the ligand-bound, two-tandem-G qua-
druplex was in equilibrium with other minor modes of ligand
binding that produced one-bead species with paused bands at
every possible G-quadruplex-formation site on Tem-8 under
ACHTUNGTRENNUNGincreased ligand concentrations.

ESI-TOF-MS analysis of the complex consisting of sanguinar-
ine and dAGGG ACHTUNGTRENNUNG(TTAGGG)7 in a 1:1 molar ratio revealed that
three molecules of sanguinarine simultaneously bind to the
two-tandem-G-quadruplex beads, whereas two molecules of
drug externally stack on one bead in both dAGGG ACHTUNGTRENNUNG(TTAGGG)6
(Figure S1) and dAGGG ACHTUNGTRENNUNG(TTAGGG)3 (Figure 3). This suggested
that one ligand binds between G-quadruplex beads in addition
to two ligands binding by end stacking. Additional supporting
evidence was supplied from DTm measurements of dAGGG-
ACHTUNGTRENNUNG(TTAGGG)3 and dAGGGACHTUNGTRENNUNG(TTAGGG)7 (Table 1 and Figure S2) in the

presence or absence of sanguinarine. An extra increase of
4.3 8C in the DTm value was observed for dAGGG ACHTUNGTRENNUNG(TTAGGG)7
compared with that of dAGGGACHTUNGTRENNUNG(TTAGGG)3 under the same con-
ditions. The extra increase in the DTm value of dAGGG-
ACHTUNGTRENNUNG(TTAGGG)7 might result from a sanguinarine-induced stacking
interaction between two G-quadruplex beads in dAGGG-
ACHTUNGTRENNUNG(TTAGGG)7.

In conclusion, the data described here unambiguously con-
firm the “beads-on-a-string” structure of the human telomeric
overhang,[3a, c, 4] and suggest a mode of ligand binding between
tandem G-quadruplex beads in telomeric DNA. Molecular
design focused on the binding of small-molecule drugs be-
tween two G-quadruplex beads, which induces the formation
of a tightly stacked cluster of G-quadruplex beads, will be a
new and effective strategy for structure-based, anticancer drug
design targeting human telomeres.

Experimental Section

Materials : Oligodeoxynucleotides used in UV melting, CD and UV
absorption were purchased from FASMAC Co., Ltd. (Tokyo, Japan).
The 5’ Texas red-labelled DNA primer and human telomeric tem-

plate (PAGE grade) were obtained from JBioS Co., Ltd. (Saitama,
Japan) and dissolved in Milli Q water to be used without further
purification. Acrylamide/bisacrylamide solution and ammonium
persulfate were purchased from Bio-Rad, and N,N,N’,N’-tetramethyl-
ACHTUNGTRENNUNGethylenediamine was purchased from Fisher. rTaq DNA polymerase
and dNTPs were purchased from TaKaRa (Shiga, Japan). A sequence
marker kit was purchased from Toyobo Co., Ltd. (Osaka, Japan).
Stock solutions of sanguinarine and TMPyP4 (1 mm) were made in
Milli Q water.

DNA polymerase stop assays : A reaction mixture of template
DNA (0.15 mm) and 5’ Texas red-labelled 20-mer primer (0.1 mm)
was heated to 95 8C for 3 min in a Taq (TaKaRa) reaction buffer
(10 mm Tris-HCl, pH 8.30, 50 mm KCl, 1.5 mm MgCl2) and allowed
to cool to ambient temperature over 30 min. The requisite amount
of ligand was added, and the reaction mixture was incubated at
ambient temperature for 1 h prior to the addition of polymerase.
Taq polymerase and dNTPs were then added to the reaction mix-
ture, which was incubated at 42 8C for 30 min. The reaction prod-
ucts were analyzed by using a Hitachi SQ5500E automated se-
quencer. The sequence markers were made according to the
Toyobo sequence Protocol.[18]

UV melting measurements : Thermal denaturation was performed
with a UV-2550 spectrometer (Shimadzu, Japan) equipped with a
Shimadzu TMSPC-8 temperature controller. The absorbance was
monitored at 295 nm, while the temperature was increased from
4 8C to 98 8C with a heating rate of 1 8Cmin�1. The DNA concentra-
tion was 5 mm for the DTm measurements of dAGGGACHTUNGTRENNUNG(TTAGGG)3 in
the absence or presence of either sanguinarine or TMPyP4 in a 2:1
ligand/DNA molar ratio. The melting temperature (Tm) is the
median of three measurements.

Electrospray mass spectrometry : ESI-TOF-MS experiments were
carried out in the negative-ion mode with a Bruker MicrOTOFQ
mass spectrometer. Oligodeoxynucleotides dAGGGACHTUNGTRENNUNG(TTAGGG)3 (M=
6966.6 Da), dAGGGACHTUNGTRENNUNG(TTAGGG)6 (M=12694.3 Da) and dAGGG-
ACHTUNGTRENNUNG(TTAGGG)7 (M=14603.6 Da) were purchased from Invitrogen and
used without further purification. The mixture of equimolar sangui-
narine and DNA was prepared in aqueous methanol (50%) contain-
ing ammonium acetate (100 mm, pH 7.0). The capillary voltage was
+4500 V, and the dry N2 flow was 5.0 Lmin�1 at 60 8C. Data were
analyzed with the software Bruker Daltonics DataAnalysis.

UV absorption spectrometry : Absorption spectra were recorded
with a Jasco UV-530 ultraviolet-visible spectrophotometer (Japan)
over the spectral range of 200–600 nm.

CD measurements : CD spectra were recorded from 500 to 200 nm
with a J-725 spectropolarimeter (Jasco) with a 1 cm path length
quartz cuvette at 25 8C. A buffer blank correction was made for all
spectra.
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Table 1. Melting temperatures [8C] of dAGGG ACHTUNGTRENNUNG(TTAGGG)7 and dAGGG-
ACHTUNGTRENNUNG(TTAGGG)3 in the absence (�) or presence (+) of sanguinarine.[a]

Oligodeoxynucleotide Tm (�) Tm (+) DTm

dAGGG ACHTUNGTRENNUNG(TTAGGG)7 59.9 79.0 19.1
dAGGG ACHTUNGTRENNUNG(TTAGGG)3 66.8 81.6 14.8

[a] The concentrations of dAGGG ACHTUNGTRENNUNG(TTAGGG)7, dAGGG ACHTUNGTRENNUNG(TTAGGG)3 and san-
guinarine were 5, 10, and 50 mm, respectively.
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