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A direct approach toward investigating
DNA–ligand interactions via surface-enhanced
Raman spectroscopy combined with molecular
dynamics simulations†

Yunpeng Wang, ‡b Na Shi,‡a Yingying He,b Yang Li *b and
Qingchuan Zheng *a

Small molecules that interfere with DNA replication can trigger genomic instability, which makes these

molecules valuable in the search for anticancer drugs. Thus, interactions between DNA and its ligands at

the molecular level are of great significance. In the present study, a new method based on surface-

enhanced Raman spectroscopy (SERS) combined with molecular dynamics simulations has been

proposed for analyzing the interactions between DNA and its ligands. The SERS signals of DNA hairpins

(ST: d(CGACCAACGTGTCGCCTGGTCG), AP1: d(CGCACAACGTGTCGCCTGTGCG)), pure argininamide,

and their complexes, were obtained, and the characteristic peak sites of the DNA secondary structure

and argininamide ligand-binding region were analyzed. Molecular dynamics calculations predicted that

argininamide binds to the 8C and 9G bases of AP1 via hydrogen bonding. Our method successfully

detected the changes of SERS fingerprint peaks of hydrogen bonds and bases between argininamide

and DNA hairpin bases, and their binding sites and action modes were consistent with the predicted

results of the molecular dynamics simulations. This SERS technology combined with the molecular

dynamics simulation detection platform provides a general analysis tool, with the advantage of effective,

rapid, and sensitive detection. This platform can obtain sufficient molecular level conformational

information to provide avenues for rapid drug screening and promote progress in several fields,

including targeted drug design.

Introduction

Genomic DNA contains local and temporary tertiary structures
that hinder its replication process.1,2 Small molecules that
promote and/or stabilize higher-order DNA folding are promising
targets as cytotoxic agents. Owing to their potential in treating
cancer efficiently, small molecules have attracted significant
research interest.3 For example, argininamide analogs have
important implications for the transactivation response region
(TAR) RNA bonding.4–6 Among them, the hairpin aptamer
TAR RNA in HIV-1 RNA specifically recognizes arginine in
HIV’s transcriptional transactivator, a key step in HIV gene
expression.7,8 However, the exact manner in which these

ligands bind to their associated DNA sequence remains unclear
and is under investigation. Therefore, there is an urgent need to
develop efficient and reliable bioassays for monitoring and
quantifying interactions between DNA and its ligands.

Previous studies employed nuclear magnetic resonance
spectroscopy,9–11 X-ray diffraction,12,13 and molecular simula-
tion14–16 to obtain the structural parameters of DNA and its
ligands at the molecular level, providing an improved under-
standing of the interactions between DNA and its ligands.
However, the excessive sample concentration in nuclear
magnetic resonance spectroscopy and the complicated crystal-
lization process in X-ray diffraction not only affect the true DNA
structure but also greatly increase the detection cost. This
limits the general application of these methods in resolving
interactions between DNA and its ligands. Other relatively
simple methods for sample preparation, including UV-vis
absorption spectroscopy, fluorescence spectroscopy, and circular
dichroism (CD) have also been used to study changes in the DNA
structure after ligand binding.17–19 These techniques can easily
obtain ligand binding affinity and DNA conformation informa-
tion; however, these techniques can only obtain macroscopic
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conformational changes after DNA–ligand binding, whereas
subtle structural changes after DNA–ligand binding cannot be
deciphered. Other analytical methods, such as thermal melting
analysis, isothermal titration calorimetry, and surface plasmon
resonance spectroscopy, are also used to determine the thermo-
dynamic and kinetic parameters of the interactions between
DNA and its ligands.20,21 However, these technologies employ
integrated analysis, which lack sensitivity and make detecting
changes in the DNA structure at the molecular level difficult.
Single-molecule fluorescence resonance energy transfer spectro-
scopy and optical tweezers have also been used for studying
DNA–ligand interactions in addition to the kinetic conformation
and mechanical information.22 These methods, however, despite
their high sensitivity, require time-consuming, expensive fluores-
cence labeling and chemical modification processes. Therefore,
more efficient and reliable biophysical techniques are needed for
exploring the interaction of the DNA structure and its ligands.

Surface-enhanced Raman spectroscopy (SERS) is an effective
tool for detecting biomolecules (DNA, RNA, or proteins).
The technique is quick, highly sensitive, and requires fewer
samples.23–27 Unlike the abovementioned traditional DNA detection
methods, Raman spectroscopy can provide unique structural
information at the level of small molecules or lower. This
unique structural information is generated by molecular vibra-
tions in a specific conformation. Bell et al.28 successfully used
hydroxylamine to reduce the silver colloid to obtain the SERS
spectra of short-sequence nucleic acids with good reproducibility.
In short-sequence nucleic acids, the single-base mismatches in
the ssDNA sequence of 23 nucleotides were identified; however,
the surface of the hydroxylamine-reduced silver colloid has a
positive charge, which affects the nucleic acid structure. Subse-
quently, Ren et al.23,29 post-processed the reduction of citrate to
silver nanoparticles using iodide ions to modify the surface of the
nanoparticles and remove citrate ions and random surface impu-
rities. The content of bases in the ssDNA structure was quantita-
tively analyzed, and the application of the iodide ion made it
possible to maintain the natural structure of the nucleic acid
during SERS detection. Wei et al.30 used the SERS indirect method
to obtain the SERS spectra of H2TMPyP4 before and after mixing
with three different G-quadruples and proposed the interaction
model between H2TMPyP4 and a single G-quadruple based on the

SERS spectral changes of H2TMPyP4 (non-G-quadruples).
Unfortunately, the SERS signal of the DNA molecule itself was
not obtained. At present, in the literature, the method of using
SERS to directly detect DNA and its ligands has not been
reported. This is because owing to the relatively rigid high-
level structure of DNA, it is difficult to detect the inherent SERS
signal compared with that of the single-strand structure of
DNA, thereby greatly limiting the application of SERS for
detecting the DNA molecular structure.31 Therefore, in the
present study, SERS was used to directly analyze the interaction
data between DNA molecules without any modification or
labeling and their small molecule ligands so that SERS can
be used as an effective means to study biomolecules and their
ligand complexes.

In the present study, SERS was used for the first time to
trace changes in the DNA structure due to the interaction of
the argininamide ligand with specific DNA sequences (Fig. 1,
specific experimental scheme). Through the characteristic peak
changes in hydrogen bonds and bases, the corresponding SERS
fingerprint bands before and after DNA binding with ligand
were determined, which confirmed the noncovalent bond
interaction between the argininamide ligand and the specific
DNA hairpin bases. The prediction of binding sites and modes
of action based on the molecular dynamics simulation was
consistent with the conclusion of the current method confirming
the accuracy of our method. In this work, a new platform was
established for studying the interactions between DNA and its
ligands.

Experimental
Preparation of silver nanoparticles

Silver nanoparticles with citrate ions on the surface were
prepared according to the Lee method.32 In brief, 0.07 g of
silver nitrate and 400 mL of deionized water were added to a
three-neck flask and heated to near-boiling temperature under
constant stirring. Then, 12 mL of 1% sodium citrate solution
was added, and the solution was cooled to room temperature to
obtain the silver nanoparticle product (Ag@cit). Then, 50 mL of
Ag@cit were centrifuged at 5000 rpm for 15 min, the

Fig. 1 Schematic diagram of the experimental process; (A) The procedure of the ‘‘hot spot’’ formed by iodide ion modified silver nanoparticles; (B)
Schematic diagram of DNA and its ligand complex in the ‘‘hot spot’’ which induced by calcium ion.
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supernatant was removed, 50 mL of 1 mM KI was added, and the
product (Ag@I) was incubated overnight and stored in the dark.

Preparation of DNA samples

DNA (high-performance liquid chromatography grade) used in
this study was purchased from Sangon Biotech (Shanghai) Co.,
Ltd. Ultrapure water was added to the lyophilized DNA to
prepare a 1 mM DNA stock solution and stored at �20 1C.
Then, 10 mL of DNA stock solution [ST d(CGACCAACGT-
GTCGCCTGGTCG) AP1 d(CGCACAACGTGTCGCCTGTGCG)]
was added to 10 mL of ammonium acetate buffer solution
(pH = 4.5; 500 mM) and 80 mL of water. The solution was
heated in a water bath at 90 1C for 10 min, until the water bath
cooled naturally, and the solution was stored at 4 1C for 5 days
after incubating for 12 h at room temperature. The product was
characterized using CD. As shown in Fig. S1 (ESI†), the CD
results indicated that the DNA hairpin structure was completely
synthesized, consistent with published literature.31,33,34 DNA
hairpin products (ST and AP1) were incubated with equal
volumes of argininamide ligands (2, 4, and 6 mM) for 4 days
to form DNA–argininamide complexes (STA and APA).

CD spectroscopy

CD spectral data were obtained using a CS30152 instrument
(Applied PhotoPhysics, Surrey, UK). A sample pool of 0.5 mm
path length was used, with the wavelength range of 320–
200 nm, and scanning was performed three times to calculate
the average spectrogram at a scan speed of 100 nm min�1, 0.5 s
per point, 1 nm bandwidth, and 1 nm data interval. The final
DNA concentration for CD detection was 12.5 mM, and the
background spectrum of buffer was subtracted from the
obtained DNA spectrum.

SERS spectral detection

Approximately 10 mL of silver nanoparticles (Ag@I) were added
to a 1.5 mL centrifuge tube. Then, 50 mL of STA sample, 15 mL of
acetonitrile, and 2.5 mL of calcium solution were added to the
centrifuge tube. The components were mixed and shaken well,
and a small amount of the mixed sample was absorbed using a
0.5 mm capillary tube for SERS detection. The instrument used
in the Raman experiment was WITec alpha300 RA (Germany).
The instrument parameters are as follows: laser wavelength:
633 nm; grating: 600; resolution: 3 cm�1; scanning time: 60 s
per time; laser power: 10 mW; and cumulative scanning time:
1 time. All Raman spectroscopy signal data presented in this
study do not include any other smoothing operation except the
base operation.

Theoretical calculation methods

Model preparation and molecular docking. In order to
construct the three-dimensional structure of the DNA hairpin
structure of AP1,the crystal structure (PDB ID: 1DB6)35 from the
Protein Data Bank that is very close to the AP1 sequences was
selected as a template. 3A, 4C, 19G and 20T in 1DB6 were
modified to 3C, 4A, 19T and 20G by means of the Discovery
Studio 3.1 software.36 The modified three-dimensional

structure was first optimized by AMBER 16 software,37 and
the duration of the molecular dynamics simulations is 100 ns.
The optimized structure was used as the receptor for molecular
docking. The argininamide molecule was optimized by Gaus-
sian 09 software at B3lYP/6-31G(d).38,39 The CDOCKER module
of Discovery Studio 3.1 software36 was used for molecular
docking. The conformation with the highest score was deter-
mined as the most optimum structure (APA complex) for the
next molecular dynamics simulations.

Molecular dynamics simulations. The charge distributions
of argininamide were measured using the RESP (restrained
electrostatic potential)40 and the force field parameters were
obtained through the Antechamber module.41 The force fields
of DNA and argininamide are described by ff14SB42 and
GAFF.43 The hydrogen atoms and counterbalance ions were
added to the system by the tleap module.37 The system was
immersed in a TIP3P water box,44 and the minimum distance
between the water box boundary and the protein boundary
atom is 10 Å. The solutes (DNA and argininamide) were fixed
with a force of 500 kcal�1 mol�1 Å�2. The solvent was mini-
mized by 10 000 steps of the steepest descent followed by 10 000
steps of conjugate gradient on the solvent. Then, the solute was
released from the restriction and the steepest descent and
conjugate gradient with the same number of steps were used
to remove the bad contacts in the system. The system was
gradually heated from 0 K to 300 K in 1000 ps under the NVT
ensemble. After heating, the system was subjected to a 1000 ps
equilibrium. To maintain the stability of the system in the
process of heating and equilibrium, the skeleton atoms of the
system were restricted by 5 kcal �1 mol�1 Å�2. Finally, 100 ns
molecular dynamics simulations were performed in the NPT
ensemble. During the molecular dynamics simulations, the
Particle Mesh Ewald (PME)45 method deals with long-range
electrostatic interactions. The cutoff value for short-range inter-
actions is 10 Å. The SHAKE algorithm46 is applied to the chemical
bonds containing hydrogen atoms in the system. The cpptraj
module37 was used for the root mean square deviation (RMSD,
Fig. S2, ESI†) and hydrogen bond interaction analysis (Fig. 5C).

Results and discussion

The main challenge of using SERS to detect DNA structures
without labels is the difficulty in obtaining clear and repeatable
SERS signals. After coordinating with small molecule ligands, it
is actually more difficult to detect SERS signals owing to the
rigid DNA structure. Fig. 2A illustrates that the sodium citrate-
reduced silver nanoparticles (Ag@cit) have a Raman signal
(blue line) and that the DNA samples to be tested are easily
disturbed by the citrate signal and cannot be identified. To
avoid the interference of the citrate signal, iodide ions were
introduced to replace the citrate root on the surface of the
nanoparticles; the obtained silver nanoparticles (Ag@I) had
almost no SERS signal (green line). In the UV-vis absorption
spectrum, the local surface plasmon resonance band of Ag@cit
was observed at 407 nm; however, after iodide incubation Ag@I
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showed a blue shift to 405 nm (Fig. S3, ESI†). Combined
with dynamic light scattering (DLS) analysis, the Ag@cit nano-
particles had two stable states. The average diameter of
the silver nanoparticles (Ag@cit) was 10.75 and 79.08 nm,
respectively, for the two stable states. The average zeta potential
of Ag@cit was �15.2 mV. The silver nanoparticles (Ag@I) and
their clusters were 9.8 and 74.11 nm after iodide modification,
respectively. The mean zeta potential of Ag@cit was �17.6 mV
(Fig. S4, ESI†). Transmission electron microscopy revealed
that the silver nanoparticles were predominantly spherical in
nature,47 and the particle size is consistent with the DLS results
(Fig. S5, ESI†). The above experimental results showed that the
radius of silver nanoparticles decreases with the replacement of
citrate by iodide ions, generating a powerful condition for
generating more ‘‘hot spot’’. DNA biomolecules had no Raman
signal, but ST samples in the ammonium acetate solution
(pH = 4.5; 500 mM) with Ag@I nanoparticles produced a weak
but clear SERS signal (red line). According to the SERS surface
selection rules,48–51 ST molecules may ‘‘stand’’ on the surface of
silver nanoparticles in ‘‘hot spot’’ and ST molecules perpendicular
to the matrix surface increase the Raman cross section and
enhance the Raman signal. The current method (Ag@IACNPs:
silver nanoparticles modified by iodide ions and added with
acetonitrile and calcium ions) introduced a calcium ion aggrega-
tor and acetonitrile internal standard to significantly enhance the
SERS signal of DNA and ligand in STA (gray line). To obtain high
quality DNA signals, we selected the calcium ion as the aggregator
because it can form a stable complex with citrate, which conse-
quently avoids the influence of interference signals.52 At the same
time, a large number of ‘‘hot spots’’ were formed through the

calcium ion guided Ag@I aggregation, which significantly
enhanced the Raman signal of the target molecules. In addition,
because acetonitrile is miscible with water, it can be evenly
dispersed in the system, and acetonitrile has clear and stable
characteristic peaks (Fig. S6, ESI†), which can be used as an
internal standard. Fig. 2B illustrates the random SERS spectra of
20 STA at different time intervals (the above spectra are from four
different experiments; each experimental sample was detected
five times). The results showed that the current method was
beneficial for obtaining a clear and stable SERS signal of the
DNA–ligand complex.

To validate the approach for detecting DNA–ligand com-
plexes, the SERS spectra of STA complexes with different
proportions were demonstrated. Acetonitrile was used as the
internal standard (characteristic peak: 381 cm�1) and then
normalized. In addition, the CD spectra were compared before
and after adding acetonitrile molecules to STA. Almost no
change in the CD spectra was observed before and after the
addition of acetonitrile molecules, indicating that the configu-
ration of DNA hairpin samples was unaffected by the presence
of trace acetonitrile molecules (Fig. S7, ESI†).

In Fig. 3, the SERS signals of the STA complex can be clearly
observed (argininamide, amide: 615 cm�1 and CN: 924 cm�1

and ST, adenine: 731 cm�1; cytosine: 791 cm�1: guanine: 654,
956, and 1575 cm�1; and thymine: 1638 cm�1). The detailed
peak position attribution is shown in Table S1 (ESI†). The CD
data showed a positive band near 284 nm and a negative band
near 242 nm (Fig. S8A, ESI†), and the peaks at 284 and 242 nm
were associated with the ring structure, suggesting that STA
interacts with the ligand and does not modify its DNA hairpin

Fig. 2 (A) SERS spectrum of silver nanoparticles (Ag@cit) (blue line); SERS spectrum of silver nanoparticles (Ag@I) after incubation (green line); SERS
spectrum of the ST sample in the ammonium acetate buffer solution (pH = 4.5; 500 mM) (orange line); SERS spectrum of the ST samples in the
ammonium acetate buffer solution (pH = 4.5; 500 mM) obtained(Ag@I) (red line); and SERS spectrum of the STA sample using the current method
(Ag@IACNPs: Ag@I with acetonitrile and calcium ions added) (gray line). (B) SERS spectra obtained from 20 sets of random STA complexes using the
current method (Ag@IACNPs).
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configuration. Of note, the amount of acetonitrile and ST was
constant, whereas the mass of argininamide gradually
increased, and the intensity of argininamide characteristic
peak was almost constant. Because under the conditions of
different proportions, the amount of ST was constant, the
amount of argininamide bonded with it was also constant. So
current method could only detect small molecule ligands
bonded to DNA. To verify the above conclusion, the Raman
signals of T12 sequence (d(TTTTTTTTTTTTTT)), pure arginina-
mide and its incubation were detected. Argininamide does not
bind to T12 easily because of its complex structure. So, only the
signal of pure argininamide and T12 sequence was observed
and the Raman signal of argininamide after incubation was not
detected (Fig. S9, ESI†). The results showed that when the
current method detects low argininamide concentration, the
Raman signal can be detected only when argininamide

produces bonds with DNA, and the noncovalent bond inter-
action between DNA and argininamide is further verified.

Fig. 4 illustrates the SERS characteristic peaks of the pure
argininamide ligand (orange line), ST (gray line) and STA (blue
line). After the formation of the STA complex, the characteristic
signs of C, C+, and C�C+ protonation appeared at 1196, 1256,
1269, and 1407 cm�1. After protonation, the deoxyribose ring
respiration of the cytosine marker was detected at 791 cm�1,
with the migration at 791–790 cm�1 (blue line, assigned to C,
C+, and C�C+). The results showed that there was bond coopera-
tion between argininamide and the C base of ST after incuba-
tion. The two characteristic peaks of STA at 596 and 924 cm�1

were significantly enhanced compared with those of ST. The
peak at 924 cm�1 was enhanced because the characteristic peak
of acetonitrile (924 cm�1) coincided with the characteristic
peak of argininamide (915 cm�1). However, the characteristic

Fig. 3 SERS spectra of the STA complex at different proportions (ST: argininamide = 1 : 20; 1 : 40; and 1 : 60).

Fig. 4 SERS spectra of ST in the ammonium acetate buffer solution (pH = 4.5; 500 mM), pure argininamide, and STA (1 : 40).
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peak intensity of the loop region belonging to ST at 596 cm�1

increased significantly. According to the surface selection rules,
after incubation, the loop region of STA was perpendicular to
the surface of silver nanoparticles in the ‘‘hot spot’’ to enhance
the SERS signal. This observation provides evidence for
bond cooperation between argininamide and the loop region
of ST. In addition, the peak positions of the STA complex at
1271 cm�1 (dC) and 1321 cm�1(dG C02endo/anti) shifted to 1269
and 1319 cm�1, which may be due to the formation of hydrogen
bonds between argininamide and DNA bases (C, G). At the
same time, the band at 1575 cm�1 (dN2H) shifted to 1577 cm�1,
which further confirmed the noncovalent bond (hydrogen bond)
between argininamide and ST. The 1360 cm�1 (dG n(C–N) d(C8–H))
and 1095 cm�1 (ns. PO2

�) markers moved to 1373 cm�1 and
1089 cm�1 (bk [PO2

�], ns. PO2
�), respectively, indicating that

the formation of STA complexes changes the rigid structure.
The above experimental results indicated that the current
method can detect noncovalent bond interactions (hydrogen
bonds) between DNA hairpins and argininamide via changes in
the SERS characteristic peak of hydrogen bonds and bases and
identify the DNA–ligand interaction without labeling.

To further verify the feasibility of the method, we demon-
strated the interaction between AP1 and its argininamide
ligand by SERS combined with molecular dynamics simula-
tions. AP1 is a variant of the ST sequence. In the inset of
Fig. 5(A), it can be observed that the main difference between
ST and AP1 is the different order of A, C, T, and G bases in the
‘‘stem’’; it is clear that the waveforms of the two kinds of DNA
(STA and APA) are similar (red and blue lines). Owing to the
different coordination sites between argininamide and DNA
hairpins, the SERS fingerprint peak-to-peak positions shifted at
the two intervals of 1200–1250 cm�1 and 1340–1380 cm�1. The
main difference was that the APA complex showed a strong
peak at 1375 cm�1 (assigned to dG C20-endo/syn). The results
revealed that the current method can detect the fingerprint
peak of the DNA–ligand samples and identify different variant
DNA–ligand samples of the same sequence with good sensitivity.

In Fig. 5SB (ESI†), a positive band and a negative band appear in
the CD spectra near 283 nm and 252 nm, respectively, indicating
that APA still maintains the DNA hairpin configuration. For
example, the waveforms and peak positions of AP1 and APA
were similar, and the fingerprint peaks changed in the 1200–
1350 cm�1 interval (Fig. 5), indicating that the functional groups
do not change significantly after the coordination of small
molecules. Thus, the current method could determine the range
of SERS fingerprint bands corresponding to DNA before and
after binding with ligand and also indicated the existence of
noncovalent bonds (hydrogen bonds) between argininamide and
AP1. We try to precisely predict the interaction between DNA
molecules and ligands by theoretical calculations combined with
the experimental research. First, we selected the classical ST
sequence as the crystal structure of this sequence (PDB ID: 1DB6)
has been resolved by NMR and its interaction with argininamide
has been characterized.35 The 100 ns molecular dynamics simu-
lations were performed on the structure of the STA complex and
hydrogen bond interactions during simulation times were ana-
lyzed. The simulation results suggest that the hydrogen bond
interactions between 7A, 8C, 11G, 12T, 14G and 16C of STA were
established during the complexation (Fig. 5B and C), which is
consistent with the results of its NMR study, indicating the
accuracy of the theoretical prediction. We designed and used
SERS without labels to detect interaction between ST sequence
variant AP1 and argininamide. The 8C and 9G bases of argini-
namide and AP1 were predicted to be bonded via hydrogen
bonds through theoretical calculations (Fig. 5B and C). More-
over, RMSD showed that the stability of the rigid DNA is
improved after binding of the ligands in STA and APA complexes
(Fig. S2, ESI†). The SERS spectra of APA obtained by the current
method showed that the characteristic signs of C, C+ and C�C+

protonation appeared at 1188, 1205, 1218 and 1407 cm�1. In
addition, 1244 cm�1 (assigned to dG dNH(N2)), 1270 cm�1

(assigned to dC), and 1349 cm�1 (assigned to n(C–N) d(C8–H))
migrated to 1242, 1268 and 1361 cm�1 (assigned to dG C20-endo/
syn), respectively, and the results showed that argininamide was

Fig. 5 (A) SERS spectra of AP1, APA, and STA. Inset: Schematic diagram of DNA hairpins (ST and AP1) and argininamide coordination. (B) labeled plots of
hydrogen bond interactions predicted by molecular dynamics simulations for STA and APA. (C) the hydrogen bond changes during the molecular
dynamics simulations.
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coordinated with the C and G bases of AP1 by hydrogen bonds,
modifying the rigid structure of DNA. The above SERS analysis
conclusion was consistent with the molecular dynamics simula-
tion prediction. The results indicated that the current method
could predict the binding sites and modes of interaction
between DNA and ligands by detecting changes in the hydrogen
bonds and SERS characteristic peaks of bases.

Conclusions

In the present study, a method was developed in which the
interaction between DNA and small molecule ligands could be
detected without labeling using SERS combined with molecular
dynamics simulation. The introduction of the calcium ion
aggregator and acetonitrile internal standard significantly
improved the ‘‘hot spot’’ of traditional silver nanoparticle
formation. The current methods can detect changes in the
DNA–ligand structure and obtain DNA–ligand interaction sig-
nals. SERS was used for the first time to trace changes in the
DNA structure caused by the interaction between argininamide
and DNA hairpins. Our method can detect the noncovalent
bond interaction of DNA–ligands, which was consistent with
the predicted results of the molecular dynamics simulations.
This new method has good accuracy, sensitivity, and reprodu-
cibility and can be used as a general strategy for studying the
interaction between DNA and its ligands.
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