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Accurately predicting binding affinity constant (K,) is highly required to determine the binding energetics
of the driving forces in drug-DNA interactions. Recently, PD153035, brominated anilinoquinazoline, has
been reported to be not only a highly selective inhibitor of epidermal growth factor receptor but also a
DNA intercalator. Here, we use a dual-trap optical tweezers to determining K4 for PD153035, where Kj4
is determined from the changes in B-form contour length (L) of PD153035-DNA complex. Here, L is fitted
using a modified wormlike chain model. We found that a noticeable increment in L in 1 mM sodium cac-
odylate was exhibited. Furthermore, our results showed that K, = 1.18(£0.09) x 10% (1/M) at 23 £ 0.5 °C
and the minimum distance between adjacent bound PD153035 ~ 11 bp. We anticipate that by using this
approach we can determine the complete thermodynamic profiles due to the presence of DNA

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Lung cancer is the leading cause of cancer-related death world-
wide. Primary lung cancers include small cell lung cancer (SCLC)
and non-small cell lung cancer (NSCLC), and the occurrence of
NSCLC accounts for most cases (about 85% of all lung cancers)
[1]. The primary treatment for NSCLC usually involves chemother-
apy and targeted therapy. Cisplatin is one of the chemotherapy
drugs used to treat advanced NSCLC because it attaches to DNA
and disrupts repair. Concerning the targeted therapy, because epi-
dermal growth factor receptor (EGFR) is highly expressed (88-99%)
in NSCLC [2-4], EGFR tyrosine kinase inhibitors have become par-
ticularly promising targeted drugs for treating NSCLC. In the past,
quinazolones, such as PD153035 (Fig. 1), have been identified as
a new class of tyrosine kinase inhibitors [5]. On the other hand, re-
cent studies also reveal that PD153035 directly intercalates into
the DNA [6-8], which suggests that PD153035, the multitargeting
drug, bears great potential for human cancer treatment [7]. How-
ever, the binding affinity constant (K4) and the change of binding
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free energy (AG) for PD153035 cannot be determined using bulk
fluorescence titration experiments due to that changes in fluores-
cence emission are very weak [6]. Hence, the objective of this study
is to address this pharmacological issue.

Single-molecule methods, such as the use of atomic force
microscopy (AFM) [9], magnetic tweezers [10], and optical twee-
zers [11-18], have been employed to probe both the molecular
interactions and the mechanical properties of individual ligand-
DNA complexes. Additionally, scanning force microscopy (SFM)
[19] and optical tweezers [11-14] have been employed to further
investigate K, and site exclusion number (n)—the minimum dis-
tance in base pairs between adjacent bound intercalator mole-
cules—of an intercalating agent. The SFM method measures the
contour length of DNA molecules in the absence of a stretching
force to estimate both K4 and n [19]. However, both K4 and n could
be determined through single-molecule DNA stretching using opti-
cal tweezers, which can measure changes in either the DNA molec-
ular length [11,12,14] or contour length [13] in various intercalator
concentrations. In past work [13], we presented an alternative
wormlike chain (WLC) model-based approach to directly deter-
mine the zero-force binding energetics of an intercalated DNA
complex by measuring the zero-force B-form DNA contour length,
which is determined by the WLC model. To implement successive
stretch-relax cycles for single DNA molecules, we have constructed


http://dx.doi.org/10.1016/j.bbrc.2010.11.110
mailto:tsyang@tmu.edu.tw
http://dx.doi.org/10.1016/j.bbrc.2010.11.110
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

298 C.-M. Cheng et al./Biochemical and Biophysical Research Communications 404 (2011) 297-301

" 5 QPD

= b
H,CO S

aGEE»y e <CHATR

3 man A AT AN DO ABTh 02
_ Bead'i,'r”q:,;:’]fi:],.{}"b{'f”lb“lf“&:fﬁ ;M"*B Bead
A ° 4 -phage DNA J

Fig. 1. Schematic representation of the single-molecule approach to study drug-DNA interaction. The figure presents the experimental setup used to implement successive
stretch-relax cycles for the bacteriophage A-DNA in various concentrations of intercalating agent PD153035. The PD153035 can be inserted between Watson-Crick base
pairs. The high-resolution optical tweezers system comprises two independently controlled optical traps, in which one trapping laser is controlled using a scan mirror as the
fixed trap (left-hand side) and the other is controlled using another scan mirror as the scanning trap (right-hand side). The QPD, in the upper left, is the position sensor, which

is used to determine the corresponding tension on the DNA molecule.

a dual-trap optical tweezers instrument (Fig. S1 of Supplementary
material). We will apply this single-molecule approach that allows
direct investigating the effect of ionic strength on the binding
mode of PD153035 to DNA, the DNA mechanical properties in
the absence and presence of PD153035, and determining both K,
and n for PD153035 for the first time.

2. Methods
2.1. Experimental system

The optical tweezers system (Fig. S1 of Supplementary material)
is integrated into a commercial inverted optical microscope
(TE2000U, Nikon) and incorporates two lasers for trapping and po-
sition detection. This system is similar to the one developed by
Block and colleagues [20]. A two-trap optical tweezers system is
applied to conduct a single-DNA-molecule stretching experiment;
one trapping laser is controlled using a antireflection mirror as
the fixed trap and the other is controlled using a scanning mirror
(6240H, Cambridge Technology) as the scanning trap. For position
detection, a quadrant photodiode (QPD, model SPOT-9D, UDT) is
used to capture a position signal for the bead location, where the
position signal can be measured with bandwidths up to 100 kHz
larger than the characteristic frequency due to Brownian motion.
In terms of the position detection scheme, we apply the far-field
interference method [21], where the interference of an outgoing
detection laser light with scattered light from the trapped particle
occurs at the condenser’s back focal plane, and the corresponding
interference pattern is imaged onto a QPD. Here, we use a Nd:YAG
laser (1064 nm, VA-II-N-1064) as a trapping laser. However, a sep-
arate laser (830 nm, GLM-L3IF-100) is selected as a detection laser.

2.2. Molecular construction of dumbbell DNA

To construct the DNA-bead complex, the biotinylated ends of
the bacteriophage A-DNA (48,502 bp, New England Biolabs) frag-
ment, which were ligated by T4 DNA ligase (New England Biolabs),
were attached to streptavidin-coated beads of 1.87 um mean
diameter (Spherotech) in a TE buffer (pH 8.0) that contained so-
dium cacodylate at millimolar concentrations.

2.3. Molecular interaction of the PD153035 with DNA
Recent studies have shown that PD153035 is insoluble in water

but can be dissolved in dimethyl sulfoxide (DMSO). However, the
density of DMSO is larger than that of the streptavidin-coated

polystyrene beads. Therefore, minimizing the buoyancy effect on
the trapped beads is necessary to facilitate single-molecule manip-
ulation with a 1.4 numerical aperture objective. To this end, Tween
80 was used to enhance the solubility of PD153035; therefore,
PD153035 (Merck) dissolved in DMSO was further diluted with
Tween 80 to avoid aggregation (Fig. S2 of Supplementary material).
Then, the DNA-bead complex was incubated with the PD153035 at
different concentration ranging from 0 to 200 uM. After both of
these beads had been connected in the form of a dumbbell, each
was held in a separate optical trap, so that single-DNA-molecule
stretching experiments could be conducted (Fig. 1). During the
experiments, the concentrations of sodium cacodylate, DMSO,
and Tween 80 were 1 mM, 1%, and 4%, respectively; bacteriophage
A-DNA concentration was 0.17 pM, which was determined using a
Qubit (Invitrogen) fluorometer. On the other hand, previous stud-
ies have shown that, at higher ionic strength (16 mM Na®), the
binding of PD153035 to DNA is reduced [6]. For this reason, we will
investigate the effect of ionic strength (from 1 to 50 mM for mono-
valent salt) on the binding of PD153035 to DNA in more detail.

3. Results and discussion
3.1. Single-molecule stretching experiments

To quantify the DNA elastic properties, the stretching behavior
of DNA can be fitted properly using the modified Marko-Siggia
WLC model that takes into account the stretching of the DNA at
or slightly beyond full extension [15-18,22]:
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Here, F is the tension on the DNA molecule, L, is the persistence
length of the DNA molecule, T is the temperature, x is the DNA
molecular length, L is the zero-force B-form contour length; kg is
the Boltzmann constant, and S is the elastic stretch modulus. There-
fore, the zero-force B-form contour length of the DNA molecule in
the absence and presence of PD153035, together with values of
the persistence length and the elastic stretch modulus, can be ex-
tracted by fitting the F-x curve to Eq. (1) using the Ezyfit, a free-
curve-fitting toolbox for Matlab (The MathWorks).

In an attempt to obtain equilibrium binding energetic informa-
tion, including equilibrium binding affinity constant, and change of
binding free energy through DNA stretching with a two-trap opti-
cal tweezers system, at first we had to verify whether the mechan-
ical stretching process in the presence of various concentrations of
PD153035 is in equilibrium. For a DNA molecule in the presence of
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75 uM PD153035, both stretch and relax cycles are associated with
almost coincidental F-x curves, where the stretching velocity and a
sampling rate are 0.5 pm/s and 50 Hz, respectively (Fig. S3 of Sup-
plementary material). This finding indicates that hysteresis does
not occur under this stretching velocity, namely, the PD153035-
DNA complex is in equilibrium in the applied force regime of
F <40 pN. By fitting the F-x curve using Ezyfit, the DNA B-form
contour length is about 17.08 um in the presence of 75 uM
PD153035.

3.2. Effect of monovalent ionic strength on PD153035 binding to DNA

Nowadays two characteristics are applied to identify whether
the mode-of-binding to DNA is an intercalator, including either
the existence of a well-defined isosbestic point in the absorption
spectra or the simultaneously lengthening the helix due to the
presence of DNA-binding drugs. In the case of PD153035, as men-
tioned earlier, changes in fluorescence emission are very weak; for
this reason, we apply single-molecule stretching experiments to
evaluate the binding mode of PD153035 to DNA and effect of
monovalent ionic strength on the elasticity of single native DNA
molecules in the absence and presence PD153035.

The B-form contour lengths of the native DNA molecule at dif-
ferent monovalent ionic strengths were extracted by fitting the
F-x curve using the Ezyfit; these are listed in Table S1 of Supple-
mentary material. Similarly, we further tested the effect of mono-
valent ionic strength on the B-form DNA contour lengths in the
presence of PD153035; the B-form contour lengths of the
PD153035-DNA complex are listed in Table S2 of Supplementary
material. The values of B-form contour length for native DNA did
not differ significantly from those observed in monovalent salt.
However, as for the PD153035-DNA complex, ionic strength had
a significant influence on the contour length. At a higher ionic
strength (e.g., 35mM NaCl, 35mM sodium cacodylate),
PD153035 may have weak DNA-binding ability for DNA in the
presence of 100 puM PD153035. In contrast to that in the higher io-
nic strength condition, a noticeable increment in the B-form con-
tour length at very low salt concentration (e.g., 1 mM sodium
cacodylate) was exhibited, which suggests that the mode-of-bind-
ing to DNA is an intercalator. A possible explanation for an incre-
ment in the B-form contour lengths of individual PD153035-DNA
complex is that there exists localized melting in AT-rich regions
and intramolecular electrostatic repulsion at low salt concentra-
tion [18], namely, DNA becomes more susceptible to enthalpic

elongation. This mechanism may promote PD153035 intercalation.
However, low salt conditions are also some of the worst conditions
for studying intercalation by stretching a single DNA molecule.
During these experiments, for instance, the average ratios of a suc-
cessful assembly of A-DNA molecule tethered between two strep-
tavidin-coated beads were 10:5:1, when ionic strengths were
50 mM, 35 mM, and 1 mM, respectively. This observation indicated
that there exists a strong ionic strength influence on the stability of
B-form DNA structure.

3.3. Binding affinity constant and site exclusion number analyses

By conducting DNA stretching measurements, we can obtain F-
x curves at different PD153035 concentrations ranging from 0 to
200 puM. The measured F-x curves are fit to the modified Marko-
Siggia WLC model in the absence and presence of PD153035
(Fig. S4 of Supplementary material), where the F-x curves and
the corresponding WLC model fittings of A-DNA in the absence
(circle symbol) and presence of PD153035 concentrations of
75 uM (diamond symbol) and 100 puM (square symbol) are shown
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Fig. 3. The F-x curves of single A-DNA molecule coexisting with PD153035 in
various concentrations from O to 200 uM. Here, only F-x curves of PD153035
concentrations of 0 (circle symbol), 75 (diamond symbol), and 100 uM (square
symbol) are shown for simplicity. In these experiments, the stretching velocity and
the sampling rates are 0.5 pm/s and 50 Hz, respectively.
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Fig. 2. Mechanical responses of single .-DNA molecule mixed with PD153035, where the concentrations of A-DNA, sodium cacodylate, DMSO, and Tween 80 were 0.17 pM,
1 mM, 1%, and 4%, respectively. For the DNA molecule in the presence of 75 tM PD153035, both stretch and relax cycles are associated with almost coincidental F-x curves.



300 C.-M. Cheng et al./Biochemical and Biophysical Research Communications 404 (2011) 297-301

AT-rich patches (=4 base pairs)

K_H

- 23655

A

i

AI GI:I —
T|:| CI PD153035

—r

23673 3-

/

Y

n=11 (base pairs)

Fig. 4. Schematic picture of the PD153035 molecule intercalated in A-DNA molecule. This scenario showed two possible PD153035 intercalating sites within the nucleotide
sequence of A-DNA fragment at 23,653-23,676 kbp, where the minimum distance between adjacent bound PD153035 ~ 11 bp and PD153035 tended to intercalate at AT-rich

sequences covering at least 4 bp.

in Fig. 2 for simplicity. We found that there existed mechanical re-
sponses of single A-DNA molecule coexisted with PD153035, in
which the binding of PD153035 to A-DNA began to saturate at
about 100 pM. The binding of PD153035 indeed lengthened the
DNA molecule at very low salt concentration and was accompanied
by a shift in the F-x curves to larger extension values.

As noted earlier, values of the persistence length L, and the elas-
tic stretch modulus S can also be determined using Eq. (1). The re-
sults showed that there existed a dependence of L, and S on
PD153035 concentrations (Figs. S5 and S6 of Supplementary mate-
rial). Points and error bars are mean and standard deviations of L,
and S, respectively. As can be seen, the L, is about 110 nm in the
absence of PD153035 and value of L, at higher PD153035 concen-
tration is near 42 nm. On the other hand, S was about 900 pN in the
absence of PD153035 and the value of S at higher PD153035 con-
centration was near 750 pN. The results indicated that both L,
and S were reduced by the presence of the intercalating agent,
which suggests that the DNA molecules became softer due to the
presence of PD153035.

In our previous studies [13], we have attempted to follow the
same expression [19] to estimate the K, of intercalating agent un-
der zero-force condition. Since the fractional increase in DNA con-
tour length is directly related to the fraction of occupied
intercalation sites at a given intercalator concentration, K, is there-
fore explicitly related to the measured DNA contour length by

(=k2) DNA]
((242) — (=L2) DNA]) (Ip — (S2) (DNA))

where Ly and L are the zero-force B-form contour lengths of the
DNA molecule in the absence and presence of an intercalated li-
gand, respectively; a is the lengthening per intercalation, Ip is the
total intercalator concentration, [DNA] is the total DNA concentra-
tion, and B is number of base pairs per DNA molecule. In this study,
both Ly and L were determined by fitting the F-x curve using Ezyfit
from the entire force regime. Under zero-force condition, the
lengthening per intercalation, a, which is attributed to intercalation
by the planar aromatic molecule, equals 0.34 nm [23] as adopted in
this study.

Fig. 3 depicts the zero-force lengthening data—i.e., the zero-
force B-form contour length corresponding to each PD153035 con-
centration. Each data point is based on at least five experimental
stretching measurements, and the corresponding error bars repre-
sent the standard deviations of the zero-force B-form contour
lengths. The zero-force lengthening data were further fitted using
Eq. (2) by the least-square method to yield K, = 1.18(+0.09) x 10*
(1/M) (in which the error bar represents 95% confidence interval)

: (2)

Ka =

and the site exclusion number n =11+ 0.4 (Fig. 3). Note that the
minimum distance between adjacent bound PD153035 ~ 11 bp,
which indicates that the number of PD153035 molecules occupy
an average of 4409 of the intercalation sites on single A~-DNA mol-
ecule. Because the complete nucleotide sequence of A-DNA has
been reported [24], we can calculate and determine the numbers
of the AT-rich patches as a function of length of the AT-rich patches
for -DNA molecule (Fig. S7 of Supplementary material). If there
exists localized melting in AT-rich regions at low salt concentration
[18], we speculate that the minimum length of the AT-rich patches
is 4 bp such that both the numbers of the AT-rich patches and the
occupied intercalation sites are almost the same (Fig. S7 of Supple-
mentary material). Here, we construct a simple model to demon-
strate the scenario when the DNA molecule becomes saturated
with PD153035. Fig. 4, for example, schematically showed two
possible PD153035 intercalating sites within the nucleotide se-
quence of A-DNA fragment at 23,653-23,676 bp; this scenario fol-
lows the aforementioned conditions, that is, the minimum distance
between adjacent bound PD153035 ~ 11 bp and PD153035 tended
to intercalate at AT-rich sequences covering at least 4 bp. On the
other hand, based on van't Hoff equation [25], AG,ps = —RTIN(Ky),
the change of binding free energy of PD153035-DNA interaction
is —5.49 kcal mol~! calculated at 23 +0.5°C, where a negative
change in free energy indicated that the PD153035 interaction
tends to occur spontaneously.

4. Conclusions

In the present work, we adopted a WLC model-based approach
to determine the binding mode and zero-force binding affinity con-
stant of tyrosine kinase inhibitor PD153035 to DNA by stretching a
single DNA molecule. The proposed single-molecule approach pro-
vided clear evidence that there is an increment in B-form contour
length at very low salt concentration, which suggests that the
mode-of-binding to DNA is an intercalator. In addition, we have ex-
tended this single-molecule approach to determine both K, and n
of PD153035 for the first time. However, this study showed that
PD153035, although this drug exhibits a noticeable increment in
the B-form contour lengths of individual PD153035-DNA complex
at 1 mM sodium cacodylate, have weak DNA-binding ability at
physiological salt concentrations (100 mM for monovalent salt),
which implied that inside the nucleus, changes in the chromatin
structure contribute to the RAR-B-inducing effect of PD153035
[8] may not occur. We are currently applying the proposed ap-
proach, together with our home-made temperature control system
to construct complete thermodynamic profiles for the intercalative
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drug binding to DNA and these results will be reported in the near
future.
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