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We designed an effective screening method for double strand DNA (dsDNA) binders using DNA-modified magnetic
particles. Hairpin DNA was immobilized on the surface of magnetic particle for a simple screening of dsSDNA binding
materials in a solution containing various compounds. Through several magnetic separation and incubation processes,
four DNA-binding materials, DAPI, 9AA, AQ2A, and DNR, were successfully screened from among five candidates.
Efficiency of screening was demonstrated by HPLC analysis using a C2/18 reverse-phase column. In addition, their
relative binding strengths were verified by measuring the melting temperature (Tw). If hairpin DNA sequence is
modified for other uses, this magnetic bead-based approach can be applied as a high-throughput screening method

for various functional materials such as anti-cancer drugs.
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Introduction

Searching for a new material associated with various diseases
has long been an issue for the purpose of treatment. In parti-
cular, the discovery of effective anti-cancer agents associated
with cancer therapy has made this an appealing research field.'”
Among them, dsDNA binding materials are well known as
powerful anti-cancer agents.g'11 Several dsDNA binders such as
daunorubicin (DNR), 9-amido acridine (9AA) and so forth
are widely used. > When an anti-cancer agent is being bound
to dsDNA, various biological functions such as DNA replica-
tion, transcription, and translation are altered. The alterations
eventually inhibit the growth of abnormal cells. For example,
doxorubicin, a well-known mutagen, has been actively applied
as an anti-cancer drug for targeting cancer cells."”"®

Methodologies of searching for functional materials, in-
cluding dsDNA binders, usually involve combinatorial che-
mistry that finds the most effective compound in a large pool
of synthetic chemicals.'*** The most important step in the drug
discovery through combinatorial chemistry is the precise selec-
tion of candidates having powerful effects on a target disease.
Several methods such as mass spectrometry, NMR spectro-
scopy, and electrochemistry have been utilized for drug screen-
ing. 22 However, these techniques need some complementary
methods when applied to high-throughput screening. Recently,
the colorimetric screening method of dSDNA binders has been
developed for this purpose.zg'30

Separation techniques using magnetic particles have been
widely used for high-throughput screening of important ma-
terials such as dsDNA binders, DNA-cleaving agents, and DNA
aptamers.” > This method is simple, and does not require a
large and expensive machinery system. Since the reaction and
purification processes of the screening are carried out justin a
single tube, using an external magnet can reduce the amount
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Figure 1. Schematic diagram for screening dsDNA binding materials
using hairpin DNA-modified magnetic particles. Red B(n)s are dSDNA
binders, and yellow N(n)s represent the non-binding materials for
dsDNA. Sequence and structure of hairpin DNA is described in inset.

of unnecessary material and shorten the experimental time.
Such advantages can make it possible to simply screen effective
target materials from within large pools of synthetic chemicals
obtained from combinatorial chemistry.

We designed an effective screening method for dsDNA
binders using DNA-modified magnetic particles. As shown in
Figure 1, hairpin DNA immobilized on magnetic particles was
used to select only dsDNA binding materials, and then candidate
materials loaded on the modified magnetic particles could be
separated in a short time using the general external magnet. With
these processes, only dsDNA binders were sorted out from
mixtures, and their relative binding strengths were verified by
the melting temperature (Tn).

Experimental Section

Materials. Dynabeads” M-270 Amine and 4',6-diamidino-2-
phenylindole (DAPI) were purchased from Invitrogen (USA).
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Catechol was bought from Yakuri pure chemicals (Japan). Sul-
fadimethoxine and DNR were purchased from CalbioChem
(USA). Trifluoroacetic acid (TFA) and acetonitrile were pur-
chased from Merck (Germany), and succinimidyl 4-(p-male-
imidophenyl) butyrate (SMPB) was purchased from Thermo
Scientific (USA). Sulfo-NHS-acetate was obtained from Soltec
Ventures (USA). Anthraquinone-2-carboxylic acid (AQ2A),
9AA, and ethyl acetate were purchased from Aldrich (USA),
and dimethyl sulfoxide (DMSO) was bought from Daejung
chemicals (Korea). Finally, the 5'-thiol-modified hairpin DNA
was synthesized from Bionics (Korea).

Activation of Thiol-modified Hairpin DNA. The 5'- thiol-
modified hairpin DNA was activated in 0.01 M sodium acetate
buffer (pH 5.2) containing 1.0 M ditiothreotol (DTT) at room
temperature for 10 min. The thiol groups of the DNA were re-
duced by this reaction. Excess DTT was removed by the extrac-
tion steps using 100 pL ethyl acetate more than three times.
And then, vacuum evaporator was used to get rid of ethyl ace-
tate in the DNA solution for 5 min. Because the free-sulthydryl
group without DTT was unstable, it was rapidly used to the
next step.

Modification of Hairpin DNA on Magnetic Beads. After
washing amine-functionalized magnetic particles (Dynabead”
M-270 Amine, 10 mg) with 1 mL DMSO twice, particles were
reacted with 16 mg of SMPB in 1 mL of DMSO with gentle
shaking for 4 h at dark. After that, magnetic particles were su-
fficiently washed with DMSO more than five times, and buffer
was changed to coupling buffer (150 mM phosphate buffer pH
7.0,200 mM NaCl). Next, reduced hairpin DNA (5' HS-(A)1o
AGCTAGGCAAAAGCCTAGCT 3', 5 uM) and SMPB-treated
magnetic particles were mixed by constant vortexing for 1 hin
300 pL of the coupling buffer. Magnetic beads were washed
with a 1 mL passivation buffer (150 mM phosphate buffer pH
8.0, 150 mM NacCl) three times, then, the buffer solution was
replaced with the passivation buffer for deactivating the remain-
ing SMPB. It was finally reacted with 30 mg of sulfo-NHS ace-
tate through mild shaking in 15 mL of the passivation buffer
for 30 min. These hairpin DNA-modified magnetic particles
were finally stored at 4 °C after sufficient washing with passi-
vation buffer. An external magnet (DynaMag' -2, Invitrogen)
was used for every washing step and buffer exchange procedure.
All reactions were carried out at room ternpera‘rure.34

Sample Preparation for HPLC Analysis. Hairpin DNA-
modified magnetic particles (10 mg) were pre-incubated with
100 uM of catechol in 500 pL reaction solution (0.1% TFA, 50
mM NaCl) to prevent non-specific binding of materials on the
magnetic bead by constant vortexing for 30 min at 25 °C. Five
molecules (each 40 uM) that contained both DNA binders
(DAPI, DNR, 9AA, AQ2A) and non-binding material (sulfa-
dimethoxine) were then incubated with 10 mg of hairpin-modi-
fied particles in 500 pL reaction solution by constant vortexing
for 1 h at 25 °C. After repeating the more than five times wash-
ing procedure, gathering of the beads using an external magnet,
and resuspending of them into the reaction solution, collected
magnetic beads were again resuspended into 500 pL of the fresh
reaction solution at 30 °C for 20 min. Then, supernatants, in-
cluding freely eluted molecules from hairpin DNA, were col-
lected for HPLC analysis. After a single washing step with the

Hunho Jo et al.
3.0
— 9AA
2.5 — AQ2A
— DAPI
201 — DNR

— sulfadimethoxin

Absorbance (a. u.)

T T T 1
200 300 400 500 600
Wavelength (nm)

Compound Intensity at A2z
9AA 2.17
AQ2A 0.43
DAPI 1.65
DNR 1.02
sulfadimethoxin 0.18

Figure 2. UV scans from 200 nm to 600 nm for 5 uM of five materials
(400 puL), 9AA, AQ2A, DAPI, DNR, and sulfadimethoxine. Table:
UV intensities at A2y for the above compounds, with the wavelength
set for the HPLC apparatus for analysis of the injected samples.

reaction solution at 25 °C, the hairpin-modified magnetic beads
with the remaining DNA binders were resuspended into 500 puL.
of this solution for the next incubation at the 35 °C for 20 min.
The above procedures were repeated with a 5 °C interval from
30 °C to 90 °C.

HPLC Analysis for the Eluted Samples. Preceding the anal-
ysis of the samples, maximal absorptions of five materials were
verified by UV-vis spectroscopy (Varian). Each absorption spec-
trum was measured from 200 nm to 600 nm. Obtained spectra
were shown in Figure 2. The materials used in this study na-
turally had absorbance in the UV region (220 nm).

The HPLC system consisted of a Spectra Series P200 pump
and a UV150 detector. A hydrophobic C2/C18 column (uRPC
C2/C18 ST 4.6/100, Amersham Biosciences) was used for se-
paration of the five molecules. A linear gradient of acetonitrile,
from 0 to 80%, in 0.1% TFA and 50 mM NaCl buffer was set
using a 1 mL/min flow rate for 50 min, and monitored with a
UV-detector at 220 nm.

Tm Measurement of dSDNA Binders. Hairpin DNA (5' (A)1o
AGCTAGGCAAAAGCCTAG CT 3', 1 uM) was used in this
experiment. Six samples were made: 1 uM Hairpin DNA, 1 pM
Hairpin DNA with 1 pM AQ2A, 1 uM Hairpin DNA with 1 pM
9AA, 1 uM Hairpin DNA with 1 pM DNR, 1 uM Hairpin DNA
with 1 uM DAPI, and 1 uM Hairpin DNA with 1 uM of all four
materials. All samples were prepared in 1 mM HEPES buffer
(pH 7.5). Melting curves were obtained with a UV-visible
spectrometer system (VARIAN CARY 100 Conc) and were
monitored at 260 nm for DNA. Four steps were completed to
get Tr, information from UV absorption spectra; At a scan rate
of 10 °C/min from 15 °C to 95 °C, at a scan rate of 2 °C/min
from 95 °C to 15 °C, at a scan rate of 2 °C/min from 15 °C to
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95 °C, and at a scan rate of 10 °C/min from 95 °C to 15 °C. The
first two steps were for annealing and binding between the
hairpin DNA and dsDNA binders. Results of the third step were
only used to make Tr, curves.

Results and Discussion

Preparation of Hairpin DNA-modified Magnetic Beads. For
introducing dsDNA onto magnetic beads, hairpin DNA was
selected to use only one kind of magnetic particle. While linear
DNA case needs the two kinds of magnetic particle for anneal-
ing, hairpin DNA case requires only one type of magnetic par-
ticle because of the self-formation of dSDNA. The single type
of magnetic particle modified by hairpin DNA allows increased
efficiency of recycling and greater simplicity of the experimental
process, compared with using two kinds of magnetic particles
formed by each linear single-strand DNA molecule. In addition
to such advantages, it is well known that the binding strength
between hairpin DNA and binders is stronger and more stable
than duplex or triplex cases.” Thus, hairpin DNA, 5' AGCTA
GGC AAAAGCCTAGCT 3' with 5'-thiol modification using
(A)1o linker, was selected for modification on the surface of
the magnetic particles (Figure 1).

The stem had eight base pairings, of which the five GC and
three AT pairings were relatively even-distributed, and the loop
was composed of four adenine nucleotides. This hairpin DNA
stem could easily interact with various binding materials, and
the short four-adenine loop provided the high stability of hairpin
DNA. Since the type of the stem and loop directly affects on the
Tm of DNA, they need to be controlled to produce the proper
temperature range of much less than the boiling point of the
buffer. The hairpin sequence was optimized using several mea-
surements of Tr, (data not shown). In addition, the (A);o linker
was used as a spacer between the hairpin DNA and magnetic
particle.

Tm Measurements of Each Material. We prepared five kinds
of materials, DAPI, AQ2A, DNR, 9-AA, and sulfadimethox-
ine, for sorting out dsDNA binders and analyzing their relative
strengths for binding to hairpin DNA. The structural similarity
of materials having absorbance in the UV region was the main
concern of the selection. In particular, sulfadimethoxine was
utilized as a reference for the non-binding material with dSDNA.

When DNA interacts with other materials like dSSDNA bind-
ers, the melting temperature of DNA is increased in general
because of several interactions such as hydrogen bonding, n-nt
base stacking, electrostatic interaction, efc. The Tr, of the same
DNA without 5'-thiol modification was measured at 260 nm
using | puM of DNA and 1 uM of each binder in 1 mL of 1 mM
HEPES buffer. The T,, values were, DNA itself (50.86 °C), DNA
with AQ2A (50.88 °C), DNA with 9AA (58.18 °C), DNA with
DNR (68.13 °C), DNA with DAPI (69.93 °C), and DNA with
all four binders (74.98 °C). Through the measured T, values,
it was clear that the binding strengths of the binders to the used
hairpin DNA were DAPI > DNR > 9AA > AQ2A (Figure S1
in the Supplementary Material). Based on these results, it could
be expected well-separated peaks in the HPLC analysis for the
screening.

HPLC Analysis of Eluted Samples. Hairpin DNA was su-
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Figure 3. Plot for separation representing elution times of each of the
5 uM materials; DAPI (10.9 mL), 9AA (12.53 mL), sulfadimethoxine
(17.92 mL), AQ2A (18.97 mL), and DNR (19.8 mL) in 0.1% TFA and
50 mM NaCl with an acetonitrile gradient using reverse-phase HPLC
analysis with a C2/18 column (1 mL/min flow).

ccessfully immobilized on the surface of magnetic particles. The
amount of DNA on particles could be measured quantitatively
by the difference of absorbance at A,s0 using the remaining
solution after the immobilization (data not shown).

Preceding the sorting out of dsSDNA binders from these ma-
terials, we verified the elution time of each material using a
C2/18 reverse-phase HPLC column at Azz. The mixture con-
taining all five materials was well separated along an acetonitrile
gradient, from 0% to 100% in 0.1% TFA and 50 mM NaCl solu-
tion for 50 min (Figure 3); DAPI (10.9 mL), 9AA (12.53 mL),
sulfadimethoxine (17.92 mL), AQ2A (18.97 mL), and DNR
(19.8 mL). These peaks were confirmed by observing the elution
time through the separated injection of each material.

Collected supernatants from the above procedures at each
temperature were injected into a reverse-phase C2/18 HPLC
column to verify the screening effect (Figure S2 in the Supple-
mentary Material). The calculated peak areas for samples at each
temperature are listed in Table S1 in the Supplementary Ma-
terial, and these values are re-plotted with temperature (T) on
the X-axis in Figure 4. Each peak was defined by the elution
time using the Figure 3 data. As shown by the plots in Figure 4,
all of four the DNA binders were well-separated via temperature
depending elution. It clearly shows that only these four materials
were bound to dsDNA, but not sulfadimethoxine.

In addition to the selectivity, this magnetic bead-based screen-
ing method can be applied to an effective separation of dSSDNA
binders. Among the four binding materials, maximal elutions
were observed at 40 °C for AQ2A, 50 °C for 9AA, 65 °C for
DNR, and 75 °C for DAPI (Figure 4). Although the AQ2A peak
overlaps with the 9AA peak at 45 °C and the DNR peak overlaps
with the DAPI peak at 75 °C (each less than 15%), these can be
ignored when compared to overall intensities (Table S1 in the
Supplementary Material). Using a specific temperature range,
the dsDNA binders can be screened selectively. For example,
if modified magnetic beads mixed with several binders are
incubated at 45 °C and then heated to ~ 60 °C, 9AA can be su-
ccessfully separated from other binders (Figure 4). Therefore,
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Figure 4. Re-plots for temperature-dependant elution appearances of
the magnetic particles with dsDNA binding materials. Intensities of
the plots were calculated from elution data from reverse-phase HPLC
analysis with a stepwise increase of temperature (Table S1, Figure S2).

our new method using hairpin DNA modified magnetic particles
has potential to be used in the screening of several dsDNA
binders from many candidates.

This result clearly tells that the relative binding affinities to
the hairpin DNA on the magnetic bead are DAPI > DNR >
9AA> AQ2A. This coincides exactly with the order from the
measured Tr, of magnetic particles free hairpin DNA. From this
result, DAPI is the strongest dsDNA binder in this library as
expected. Thus, this approach based on the magnetic particles
simultaneously allows to find the most effective candidates from
large libraries, as well as to screen DNA-binding materials.”**

In short, hairpin DNA-modified magnetic particles were
used for a simple screening of dsDNA binding materials in a
solution containing mixed compounds. We successfully screen-
ed four DNA-binding materials, DAPI, 9AA, AQ2A, and DNR,
from among five candidates, and then, relative binding strength
to hairpin DNA was confirmed by the measurement of Tn,.
This magnetic bead-based approach can be practically applied
as a high-throughput screening method for various functional
materials.
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