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Single-molecule force-spectroscopic study on
stabilization of G-quadruplex DNA by telomerase
inhibitor

Ryoto Funayama,’ Yoshio Nakahara,” Shinpei Kado,” Mutsuo Tanaka’ and
Keiichi Kimura™

Single-molecule force spectroscopy was carried out using AFM force measurements for the
purpose of the direct observation of the stabilization of G-quadruplex DNA by a telomerase
inhibitor, which is 5,10,15,20-tetrakis(N-methylpyridinium-4-yl)porphyrin tetrakis(p-
toluenesulfonate) (TMPyP). In AFM force measurements, we used an AFM tip and an Au
substrate modified chemically with terminal-biotinylated telomere DNA and streptavidin,
respectively. The telomere DNA was fully stretched by the AFM tip based on the bridge
formation between the AFM tip and the Au substrate through the streptavidin-biotin interaction.
The force-extension curves, which reflected the stretching of a single DNA molecule, were
distinguished from all of the curves, judging from the rupture force and the contour length. The
selected curves were analyzed using a worm-like chain model, and one of the fitting
parameters, persistence length (/,), was used as an index for the stabilization of the G-
quadruplex structure. Consequently, the /, value was significantly increased by the addition of
TMPyP under the experimental conditions where the G-quadruplex structure could be formed.
On the other hand, the value was hardly changed by the addition of TMPyP under the
conditions except the above. Furthermore, the methodology developed and demonstrated in
this work was applied to evaluate the stabilization of G-quadruplex DNA by other telomerase

inhibitors such as ethidium bromide and p-xylene-bis(N-pyridinium bromide).

Introduction

Telomeres are the specialized ends of linear chromosomes and
extend beyond the DNA duplex to form a single-stranded
guanine-rich overhang.'” They are deeply involved in a variety
of functions such as meiotic chromosome segregation,
chromatin silencing, and protecting the ends of the
chromosomes from degradation or end-to-end fusion.* In most
organisms, telomeres are composed of simple repetitive
sequences and in human they consist of several thousand
repeats of the sequence 5°-TTAGGG repeats.? The enzyme
telomerase plays a crucial role to add the repeat sequences onto
the telomere end in order to maintenance the proper length for
the successive rounds of cell division.>® However, telomerase is
abnormally activated in most malignant or cancer cells, and this
may result in the continuous elongation of telomeres and the
generation of immortal cells.”® Therefore, the inhibition of
telomerase activity has attracted much attention as a new
approach for cancer therapy.'®"?

The single-stranded overhangs of human telomeres are
known to form intramolecular four-stranded DNA structures,
which are called as G-quadruplex (Fig. 1A), under specific
G-quadruplex effectively inhibits the
telomerase activity by changing the single-stranded DNA

conditions.’*> The

This journal is © The Royal Society of Chemistry 2013

structure into an inactive conformation (Fig. 1B) that is no
longer recognized by telomerase.'*
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Fig. 1 (A) G-quadruplex. (B) DNA conformation based on G-
quadruplex formation.

Also, it is well known that the G-quadruplex structure is
stabilized by several ligands and that this event significantly
improves the inhibitory effect of telomerase activity. These
include acridine derivatives, 15
telomestatin,'® cyclic heterohelicene derivatives,'” and square-

telomerase inhibitors
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planar nickel(II) complexes.18 Among them, a cationic
porphyrin, 5,10,15,20-tetrakis(N-methylpyridinium-4-
yDporphyrin tetrakis(p-toluenesulfonate) (TMPyP), shows the
strong telomerase inhibitory effect due to the electrostatic
interaction and intercalation effect.'’ Though a variety of
techniques to analyze telomerase activity have been developed

20-22

so far, there has been little analytical method to evaluate the

stabilization of the G-quadruplex structure by telomerase
inhibitors directly.?*?*

In recent years, single-molecule force spectroscopy (SMFS)
based on atomic force microscopy (AFM) has been
demonstrated as a powerful tool to investigate a variety of
biological phenomenon such as protein folding,” protein—

2628 and DNA base-pairing.”**° According

ligand interactions,
to these studies, SMFS can potentially provide unique insights
into the structure, function, and stability of target compounds
on the single molecule level. The recent development of
theoretical analysis has enabled reliable evaluation for the
elastic behavior of the single polymer chain. For example, the
mechanical and hydration properties of elastin-like
polypeptides (ELP) were investigated by SMFS on the single
molecule level*' In that study, force-extension curves were
analyzed using a freely jointed chain model and one of the
fitting parameters, Kuhn segment length that reflects the
flexibility of polymer chain, varied based on the hydrophobic
hydration behavior of ELP.

properties of poly(vinyl alcohol) and poly(vinyl acetate) were

In addition, the mechanical

examined using SMFS under different solvent conditions.*
Therein, force-extension curves were analyzed using a worm-
like chain model and one of the fitting parameters, persistence
length that reflects the flexibility of polymer chain, varied
based on the conformation of the polymers. Thus, the fitting
parameters obtained by SMFS can be an index for analyzing the
structure and conformation of polymers.
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Fig. 2 Schematic diagram of our AFM-based SMFS study.
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TMTyP EB DPX

Fig. 3 Chemical structures of telomerase inhibitors used in this
study.

Herein, we aimed at the direct observation of the stabilization
of G-quadruplex DNA by telomerase inhibitors using AFM-
based SMFS. We used an AFM tip and an Au substrate
modified chemically with terminal-biotinylated telomere DNA
and streptavidin (SA), respectively. The intermolecular bonding
between SA and biotin is considered as the strongest receptor-
ligand interaction found in nature.>*** This intermolecular
bonding has been used for the bridge formation between the
AFM tip and the Au substrate in the previous SMFS study.*
Fig. 2 outlines the strategy of this SMFS study, wherein the
telomere DNA is thiolated at its 5’ position end for covalently
anchoring to a gold-coated AFM tip and biotinylated at the 3’
position end for binding with the SA-modified substrate. In this
experimental system, when the AFM tip contacts the substrate,
the telomere DNA on the AFM tip is immobilized to the
substrate through the SA-biotin interaction. When the AFM tip
is retracted from the substrate, a rupture force originating from
SA-biotin
distinguishable from that

the cleavage of the interaction, which is
originating from non-bonding
interactions, can be observed. As a telomerase inhibitor,
TMPyP was selected here because it is commercially available
and it shows the strong inhibition effect based on its four
positive charges and flatness originating from the porphyrin
skeleton.!” The force-extension curves, which reflected the
stretching of a single DNA molecule, were distinguished from
all of the curves, judging from the rupture force and the contour
length. The selected curves were analyzed using a worm-like
chain model, one of the fitting parameters, persistence length,
was used as an index for the stabilization of the G-quadruplex
structure by TMPyP. Furthermore, the stabilization of TMPyP
was semi-quantitatively compared with that of ethidium
bromide (EB), which is known to be a derivative of acridine
showing a comparatively weak ability to stabilize the G-
quadruplex  structure,”® and  p-xylene-bis(N-pyridinium
bromide) (DPX), which is a structural analogue of TMPyP. The
chemical structures of telomerase inhibitors used here are
shown in Fig. 3. Although AFM-based SMFS studies for intra-
and intermolecular interactions of G-quadruplex with the target
protein®® and the stability of G-quadruplex DNA itself*® have
been reported previously, any report about the stabilization of
G-quadruplex DNA by telomerase inhibitors has not been
published yet, as far as we know.

This journal is © The Royal Society of Chemistry 2012
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Experimental section

Materials

The telomere DNA  (5’-HS-CH,CH,CH,CH,CH,CH,-
TTT(TTAGGG);TTAGGG(TTAGGG);TTAGGG-biotin-3"),
which consists of a quadruplex dimer formed by two G-
quadruplex repeats,'” was purchased from Invitrogen.
Streptavidin (SA) from Streptomyces avidinii was purchased
from Wako Pure Chemical Industries. 11-Mercaptoundecanoic
acid (MUA), ethidium bromide (EB), and p-xylene-bis(V-
pyridinium bromide) (DPX) were purchased from Sigma-
Aldrich Japan. N-Hydroxysuccinimide (NHS) was obtained
Tesuque. 1-Ethyl-3-(3-
hydrochloride  (water-
5,10,15,20-tetrakis(V-

tetrakis(p-toluenesulfonate)

from Nacalai
dimethylaminopropyl)cabodiimide
WSO),

methylpyridinium-4-yl)porphyrin

soluble carbodiimide;
(TMPyP), and cacodylic acid were purchased from Tokyo
All chemicals were used without further
2-{2-[2-(2-
thiol) was

Kasei Kogyo.
purification.

Mercaptoethoxy)ethoxy]ethoxy}ethanol (OEG
synthesized according to the previous paper.>’ Deionized water

(resistivity: 18 MQ cm) was prepared using a Milli-Q system.

Circular dichroism (CD) measurements

The CD measurements were performed at room temperature
using a spectropolarimeter (J-725, JASCO) for identifying the
G-quadruplex formation of the telomere DNA used in this
study. The concentration of the telomere DNA was set at 20
uM in 2.0 mM cacodylate buffer (pH 7.0) containing 50 mM
KCl1, 100 mM KCI, or 50 mM LiCl. Each measurement was
recorded from 220 to 340 nm in a 1 cm-path length quartz cell

at a scanning rate of 20 nm min™'.

Chemical modification

The AFM tip and the Au substrate used for AFM force
measurements were prepared by the chemical modifications
with thiol compounds via a thiol-Au bond (Fig. 4). The V-
shaped AFM cantilevers were commercially available: SizNy
type coated with Au/Cr on both sides (k = 0.02 N m™', OMCL-
TR400PB-1, Olympus). Cantilevers were pretreated by
immersing into a piranha solution (concentrated H,SO4/28%
H,O,, 7/3, v/v) for 30 min for cleaning their surface
(CAUTION: Piranha solution is extremely dangerous and
should be handled with great care). The cantilevers were then
thoroughly rinsed with ultra pure water. The cleaned cantilevers
were immersed for 24 h into 2.0 mM cacodylate buffer (pH 7.0)
containing 1.0 uM DNA. The DNA concentration was set at the
very low concentration for one molecule to attach the AFM tip.
After the cantilevers modified chemically with the telomere
DNA were rinsed with 2.0 mM cacodylate buffer, they were
immersed for 2 h into an aqueous solution containing 10 mM
OEG thiol. The OEG thiol was introduced to decrease non-
specific adhesion forces between the AFM tip and the Au
substrate.*®* After being rinsed with cacodylate buffer, they
were dried with nitrogen gas before measurements.

Au-coated mica substrates were prepared by sputtering of
gold (99.999%, Nilaco) using a JFC-1600 Auto Fine Coater
(JEOL) onto a mica substrate prepared by fresh cleavage of a
sheet of natural mica (Nilaco). The Au substrate was immersed

This journal is © The Royal Society of Chemistry 2012
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for 24 h into an ethanol solution containing 1.0 mM MUA and
10 mM OEG thiol at room temperature. The MUA was used to
attach SA via the coupling reaction with amine.*” After being
rinsed with ethanol, the substrate was immersed for 30 min into
an aqueous solution containing 100 mM WSC and 100 mM
NHS at room temperature for the activation of terminal
carboxyl group. After being rinsed with deionized water, the
substrate was immersed for 2 h into 2.0 mM cacodylate buffer
containing 0.10 mg mL"' SA. After being rinsed with
cacodylate buffer, they were dried with nitrogen gas before
measurements.
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Fig. 4 Preparation of (A) AFM tip and (B) Au substrate
modified chemically with terminal-biotinylated telomere DNA
and SA, respectively.

X-ray photoelectron spectroscopy (XPS) measurements

The XPS apparatus (JPS-9010MC, JEOL) was used for
identifying the chemical modification of SA on the Au
substrate. The measurements were performed using Mg Ko X-
ray, and the pressure in the ultrahigh vacuum chamber during
measurements was lower than 10 torr. The accelerating
voltage and emission current were maintained at 10 kV and 10
mA, respectively.

AFM force measurements

The AFM force measurements were carried out in 2.0 mM
cacodylate buffer at room temperature (ca. 298 K) using a
Nanoscope 3D MultiMode AFM with PicoForce (Veeco). The
probe tip and the substrate were mounted on the apparatus
using a liquid cell. The spring constants (typically 0.02 N m™)
of the cantilever were always calibrated using the thermal tune
method before each measurement. All force-distance curves
were obtained in a contact mode using an AFM software of the
manufacturers at a scan rate of 230 nm s'. Since a loading rate
is the product of spring constant and scan rate, the loading rate
was fixed at 4.6 nN s™' in this measurement system. The surface

J. Name., 2012, 00, 1-3 | 3
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delay, defined as the resting time after the tip touches the
substrate surface, and the contact force were set at 5.0 s and
0.50 nN, respectively, to cause the bridge formation between
the AFM tip and the Au substrate based on the SA-biotin
interaction. The concentrations of TMPyP, EB, and DPX as the
inhibitor were set at 1.0 uM, 1.0 uM, and 2.0 pM, respectively.
The AFM force measurements were made more than 5,000
times for each experimental set, and the average observable
probability for the stretching of the single DNA chain was
0.30% in total. The low observable probability may be due to
the low introduction amount of the DNA on the tip, which
enables us to analyze the stretching behavior of the DNA at a
single molecule level. The obtained force-distance curves were
converted to force-extension curves. Then, a theoretical model
for polymer extension, worm-like chain (WLC) model, was
used in order to obtain the characteristic fitting parameters. The
calculations were repeated until the parameter converged.
When the parameter did not converge, the curves were
excluded from the analysis.

Results and discussion

Identification of G-quadruplex formation by CD measurements

The CD spectroscopy was used to verify the G-quadruplex
formation of the telomere DNA used in this study. The previous
reports have demonstrated that K induced the G-quadruplex
formation by diminishing the electrostatic repulsion between
phosphate groups*' and that Li" induced the dissociation of the
G-quadruplex structure.*> Fig. 5 shows the CD spectra of 20
uM DNA in 2.0 mM cacodylate buffer (pH 7.0) containing 50
mM KCl1, 100 mM KCI, or 50 mM LiCl. In the cases containing
KCl, the CD spectra showed a positive band around 290 nm
and a negative band around 240 nm, which was the
characteristic CD signature of a nonparallel G-quadruplex
structure.** On the other hand, the characteristic peaks
originating from the G-quadruplex structure were not observed
in the case containing LiCl. As a result, we can tell that the
telomere DNA can form the G-quadruplex structure in 2.0 mM
cacodylate buffer (pH 7.0) containing KCl. As the CD spectra
were almost the same between both cases containing 50 mM
KCl and 100 mM KCl, it was found that 50 mM KCI was
enough large in quantity to form the G-quadruplex structure.

8
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6 1

Elipticity / mdeg

: \/// LiCl 50 mM
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Fig. 5 CD spectra of telomere DNA in 2.0 mM cacodylate
buffer (pH 7.0) containing 50 mM KCI, 100 mM KCl, or 50
mM LiCl.

Identification of chemical modification by XPS measurements

4 | J. Name., 2012, 00, 1-3

The XPS measurements were employed to confirm the presence
of SA on the Au substrate. Fig. 6 shows the XPS spectra of the
Au substrates before and after the chemical modification of SA.
Before the chemical modification, only carbon, oxygen, and
sulfur signals originated from MUA and OEG thiol were
observed. After the chemical modification, a new nitrogen
signal was observed in addition to these signals. The nitrogen
signal may be originated from amino acids of SA. Therefore, it
was experimentally verified that the chemical modification
reaction of SA successfully proceeded on the Au substrate.

Arbitrary

L
.

800 700 600 500 400 300 200 100 0
Binding energy / eV

Fig. 6 XPS spectra of Au substrates (A) before and (B) after
chemical modification of SA.

AFM force measurements

The AFM force measurements were carried out in 2.0 mM
cacodylate buffer (pH 7.0) at room temperature using the AFM
tip and the substrate modified chemically with the terminal-
biotinylated telomere DNA and SA, respectively. It is generally
known that the Au—S bond (typically 1.4 nN)* is at least 10
times stronger than the SA-biotin interaction. As the rupture
force for the SA-biotin interaction is much larger than the
breaking force of the G-quadruplex structure, which ranges
from 23 to 60 pN,* the sequence of the rupture force should be
G-quadruplex structure < SA-biotin interaction < Au—S bond.

300 WLC model curve
~
- 200 |
o
~
[} ‘y
o
o 1001
[
o B
-10

Extension / nm

Fig. 7 Typical force-extension curve (black) in 2.0 mM
cacodylate buffer (pH 7.0) containing 50 mM KCIl and its
theoretical curve (red) fitted based on WLC model.

The typical force-extension curve in 2.0 mM cacodylate
buffer (pH 7.0) containing 50 mM KCl is shown in Fig. 7. The
zero force and displacement points were defined as the force
observed after a rupture point and the contact position between
the tip and the substrate, respectively. In the course of the tip

This journal is © The Royal Society of Chemistry 2012
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retraction from the surface, the force-extension curve exhibited
the deformational characteristics: a non-specific adhesion based
on the contact between the tip and the substrate, a sharp rising
force with increasing extension, followed by an abrupt
dropping force upon the rupture between the tip and the
substrate. We interpreted this retraction behavior as follows.
When the tip modified with the terminal-biotinylated telomere
DNA was in contact with the substrate modified with SA, the
molecular bridge between the tip and the substrate formed
through the SA-biotin interaction. Then, when the tip and the
substrate were separated, a rupture force signal, which
corresponds to the rupture of the weakest bond of the molecular
bridge, appeared. Here, it was thought that the SA-biotin bond
was cleaved upon the rupture between the tip and the substrate.
In fact, such rupture forces were hardly observed in the
presence of 10 mM biotin (data is not shown). This result
suggested that the added biotin in the solution interfered the
complexation of the biotin on the tip with SA on the substrate.
As the SA-biotin interaction is much larger than the breaking of
the G-quadruplex structure, the breaking is sure to occur before
the rupture between the tip and the substrate. Therefore, the
breaking of the G-quadruplex structure should be recorded in
the force-extension curves.

Force curve selection and analysis using theoretical model

As has been reported by some researchers,*’ polymer stretching
can be described by several theoretical models. Here, we used a
theoretical model, worm-like chain (WLC) model,*® to analyze
the force-extension curves for the stretching of the telomere
DNA. The WLC model describes a single polymer chain as a
string of constant bending elasticity with a worm-like
conformation. The following expression has been widely used
to describe the force (F) as a function of chain extension (x).

kgT[1 2 ox 1
F(x)—?[z(l—z) +—-——

where L represents the contour length of the polymer chain, kp
is the Boltzmann constant, 7' is the temperature, and /, is the
persistence length, indicating the rigidity/flexibility of the
polymer chain. Based on the above-mentioned equation, curve
fitting was conducted for the experimentally obtained force-
extension curves to gain the characteristic fitting parameters of
lyand L.

Table 1 Experimental conditions and persistence length
obtained by WLC model analysis

Entry Metal salt" Telomerase inhibitor® Persistence length /,/ nm

1 KCl None 0.231 +0.05 (n=26)
2 KCl TMPyP 0410 +0.07 (n=27)
3 LiCl None 0.250 = 0.02 (n=14)
4 LiCl TMPyP 0.210 £ 0.06 (n=11)
5 KCl EB 0.319 +0.03 (n=25)
6 KCl DPX 0.223 £0.05 (n=12)

2 The concentration of the metal salt was 50 mM.

® The concentration of TMPyP, EB, and DPX were 1.0 uM, 1.0 uM
and 2.0 uM, respectively.

Fig. 7 also shows the theoretical curve fitted based on the
WLC model. As the force curves, which seem to be originated

This journal is © The Royal Society of Chemistry 2012
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from the stretching of plural DNA chains, were not obviously
fitted with the WLC model, they were excluded from the
analysis. However, it is possibility that all the fitting curves do
not always show the full stretching of the single DNA chain.
Therefore, the following calibration was carried out. Here, we
regarded the fitting curves with 25-40 nm of L and 90-150 nN
of rupture force as the full stretching of the single DNA chain
among all of the curves. This judge is based on the two reasons.
One reason is that the total length of the DNA used in this study
was estimated to be about 30 nm according to the reference,
where contour length per base is assumed to be 0.56 nm in
single-stranded DNA.*  Another reason is that the
intermolecular SA-biotin interaction was determined to 124.5
PN at a loading rate of about 3.0 nN s in the previous study.*
The ranges of contour length and rupture force were enlarged to
some extent because contour length and rupture force depend
on the position of the DNA introduced on the tip and the
loading rate in the measurements, respectively. Table 1 shows
the experimental conditions and the /, values obtained by the
WLC model analysis. As these data were evaluated from the
selected force curves, the /, values can be discussed at a single-
molecule level in the next section.

Effect of metal salt on G-quadruplex stabilization by TMPyP

The CD measurements made it clear that the G-quadruplex
structure could be formed in the presence of KCI and that it
could not in the presence of LiCl. Therefore, the stabilization of
the G-quadruplex structure by TMPyP in the presence of KCl
should be much larger than that in the presence of LiCl. Entries
1-4 in Table 1 show the /, values before and after the addition
of TMPyP under various experimental conditions. Totally, the
I, values of single-stranded DNA were relatively low,
compared with those (about 4 nm) determined by the
fluorescence method in the previous study.*® The difference
would be originated from the situation of DNA in the analytical
methods. In this study, as DNA molecules are individually
immobilized on the tip, they are unable to associate with each
other, unlike in the solution. Therefore, most of DNA on the tip
may exist in a random coil structure, which lowers /, values.

As expected, entries 1 and 2 demonstrated that the /, value
was significantly increased by the addition of TMPyP in the
presence of 50 mM KCIl. The increase of the /, value definitely
means that the conformation of the polymer was changed from
a relaxed structure to a more stretched structure. This
phenomenon is due to the fact that the telomere DNA was
stabilized by the interaction between the G-quadruplex
structure and TMPyP. On the other hand, the increase of the /,
value was not observed by the addition of TMPyP in the
presence of 50 mM LiCl (entries 3 and 4). The result was not
also contradictory to our expectation because the telomere
DNA does not have the strong interaction with TMPyP under
the conditions where the G-quadruplex structure is not formed.
The lower /, values in the presence of LiCl may be attributed to
the unstabilization of the G-quadruplex structure by Li". In fact,
the /, value was similar to the length (0.15 nm) of C-C bonding.
This result shows that the DNA behaves like a flexible random
coil in the presence of LiCl. Consequently, it has been found
that the increase of the [, value can be closely related to the
stabilization of the G-quadruplex structure. Interestingly, the I,
value in the presence of KCl was almost the same as that in the
presence of LiCl under the conditions without TMPyP (entries
1 and 3) although the CD spectra were really different between
the above-mentioned two conditions. Probably, the association
force of the G-quadruplex structure would be not enough large

J. Name., 2012, 00, 1-3 | 5
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to change the mechanical property of the DNA under the
conditions without any telomerase inhibitor.

Comparison among telomerase inhibitors

Up to date, a lot of ligands have been shown to exhibit anti-
telomerase activity in vitro. These molecules are able to
stabilize the G-quadruplex structure, as shown by spectroscopic
measurements. However, there are little reports about
quantitative comparison of stabilization among telomerase
inhibitors because spectroscopic measurements require specific
functional groups emitting a spectroscopic signal. In other
words, only structural analogues are comparable in these
analytical methods. In contrast, AFM force measurements do
not limit measuring compounds. Therefore, the methodology
developed and demonstrated in this work is suitable for
quantitative analysis between telomerase inhibitors whose
structures are different each other.

A 0.231 +0.05 nm (n = 26)

Counts
©

\

. N

AN

012 020 028 036 044 052 060 068
I‘,/nm

B 0.410 £0.07 nm (n =27)

Counts

Counts

Fig. 8 Distributions of persistence length in 2.0 mM cacodylate
buffer (pH 7.0) containing 50 mM KCl in the (A) absence and
presence of (B)1.0 uM TMPyP or (C) 1.0 uM EB.
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Previously, EB, which is a derivative of acridine, has been
reported to have a comparatively weak ability to stabilize the
G-quadruplex structure.” Entry 5 in Table 1 shows the L, value
in the presence of 50 mM KCI after the addition of EB. The /,
value slightly increased by the addition of EB, but the variation
amount was smaller than that by the addition of TMPyP. This
result was consistent with our expectation because TMPyP is
thought to show a considerably strong anti-telomerase activity
among telomerase inhibitors.*’ Fig. 8 shows the distributions of
the /, values in 2.0 mM cacodylate buffer (pH 7.0) containing
50 mM KCI before and after the addition of TMPyP or EB.
Here, the distributions were evaluated using Kruskal-Wallis test
(analysis of variance without assumption of a Gaussian
distribution). As a result, the difference between three
histograms was considered statistically significant (p < 0.05).

Next, DPX, which is a structural analogue of TMPyP, was
also investigated. As this compound has no porphyrin ring, it
seems that DPX does not show an ability to intercalate between
the G-quadruplex structures. In the SMFS measurement, the
concentration of DPX was set at two times as much as that of
TMPyP in order to unify the charge effects. According to entry
6 in Table 1, the [, value was almost the same as that in the
absence of any telomerase inhibitor (entry 1). Therefore, it is
considered that DPX has no anti-telomerase activity. From our
SMFS study, it is predicted that the sequence of the telomerase
inhibitory effect should be TMPyP > EB > DPX = no stabilizer.

Conclusions

In summary, a new approach to investigate the stability of the
G-quadruplex structure semi-quantitatively was developed
using AFM-based SMFS in this study. As the increase in the
persistence length of the telomere DNA was closely associated
with the stabilization of the G-quadruplex structure, the
persistence length obtained by our SMFS study could be a very
useful index to evaluate the performance of telomerase
inhibitors. An advantage over other techniques in this method is
that we can measure at the very low concentrations of a
telomere DNA and a telomerase inhibitor. In addition, this
analytical method is suitable for quantitative analysis between
telomerase inhibitors because AFM force measurements do not
limit measuring compounds. Therefore, we expect that this
analytical technique will provide important information in
developing new type of telomerase inhibitors in the near future.
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The stabilization of G-quadruplex DNA by telomerase inhibitor was semi-quantitatively

evaluated by AFM-based SMFS.
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