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bstract

In the present study, the interactions between actinomycin D (ActD) and single stranded DNA (ssDNA) 5′-CGTAACCAACTGCAACGT-3′

nd a duplex stranded DNA (dsDNA) with this sequence were investigated by microchip-based non-gel sieving electrophoresis and electrospray
onization mass spectrometry (ESI-MS). The ssDNA was designed according to the conserved regions of open reading frame 1b (replicase 1B)
ollowing the Tor 2 SARS genome sequence of 15611-15593. The binding constants of the interactions between ActD and ssDNA/dsDNA were
8.3 ± 0.32) × 106 M−1 (ssDNA) and (2.8 ± 0.02) × 105 M−1 (dsDNA), respectively, calculated from microchip electrophoresis via Scatchard plot.
he binding stoichiometries were 1:1 (single/1ActD molecule) and 1:2 (duplex/2ActD molecules) calculated from microchip electrophoresis, and
he results were further verified by ESI-MS. The results obtained by these two methods indicated that ActD bound much more tightly to ssDNA
sed in this work than dsDNA. Furthermore, this is shown that the microchip-based non-gel sieving electrophoresis method is a rapid, highly
ensitive and convenient method for the studies of interactions between DNA and small molecule drugs.

2006 Published by Elsevier B.V.
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. Introduction

A wide variety of physical and chemical techniques have
een used to study ligand–DNA binding, from the simple mea-

urement of UV absorption and melting temperature to highly
nformative methods including nuclear magnetic resonance
pectrometry (NMR) [1–3], X-ray [4,5], mass spectrometry

Abbreviations: ActD, actinomycin D; CD, circular dichroism; dsDNA,
ouble-stranded DNA; ESI-MS, electrospray ionization mass spectrometry;
IV, human immunodeficiency virus; HPMC, hydroxyprolymethyl cellu-

ose; NMR, nuclear magnetic resonance spectrometry; PMMA, poly(methyl
ethacrylate); ssDNA, single-stranded DNA
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ort Collins, CO 80523, USA.

o
a
s
m
s
i
p
p
h
c
m
l
o
m
f
m

039-9140/$ – see front matter © 2006 Published by Elsevier B.V.
oi:10.1016/j.talanta.2006.11.019
ction; Electrospray ionization mass spectrometry

MS) [6], circular dichroism (CD) [7], gel footprinting [8,9],
uorescence [3], equilibrium dialysis [10], and capillary elec-

rophoresis (CE) [11–13]. However, NMR, X-ray, MS, CD and
uorescence not only require expensive equipments and elab-
rate procedures for sample purification prior to analysis, but
lso are tedious, time-consuming, and requiring a large sample
ize. Among the above-mentioned methods, CE is a powerful
ethod with low sample consumption and short analysis time for

tudying the interactions of DNA-drugs [11]. Many biomolecule
nteracting systems such as protein–DNA, DNA–peptide,
rotein–protein, protein–drug, antibody–antigen, peptide–drug,
eptide–carbohydrate, peptide–dye and carbohydrate–drug
ave been studied using CE techniques [14]. As a new method
ombining the CE technology and the microfluidic platform,
icrochip electrophoresis has the potential to study molecu-

ar interactions [15]. There are few reports on characterization

r quantification determination of the binding constants by
icrochip-based electrophoresis [16,17], and there is no report

or the study of the interactions between DNA and small
olecules by microchip electrophoresis.

mailto:zhouximi@yahoo.com
mailto:bclin@dicp.ac.cn
dx.doi.org/10.1016/j.talanta.2006.11.019
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Microchip electrophoresis has being studied as a highly
romising method for rapid and sensitive analysis, and is widely
pplied to genetic analysis [18,19], drug discovery [20], clinical
iagnostic [21–23], proteomics [24,25] and so on [26–28]. The
anipulation and transportation of analytes in microchip devices

s based on electrokinetic phenomena, e.g., electrophoretic and
lectroosmotic effects. Buffer and sample flow within the chan-
el network can be precisely controlled through high voltages
pplied on the buffer/sample reservoirs. The technique allows
he manipulation of picoliter volumes with high precision that
ltimately leads to performance equivalent to or exceeding cur-
ent techniques. In contrast to conventional CE, the higher
urface-to-volume ratio in microchip devices results in better
eat dissipation, therefore, allows separations at higher field
trengths. In a word, compared with conventional bench-scale
ystems, the advantages of microchip electrophoresis are numer-
us, such as less reagent consumption, low manufacturing costs,
ncreased performance, faster analysis, high sample throughput,
ntegration and automation possibility, and disposability [29,30].

ActD’s biological activity has been attributed to binding
bility with the double-stranded DNA (dsDNA) through the
ntercalation onto the planar phenoxazone ring into the dou-
le helix and then forming a stable complex with DNA and
locking the movement of RNA polymerase that interferes with
NA-dependent RNA synthesis [31,32]. However, recent dis-

overy showed that the sequence-specific ActD binding to single
trand DNA (ssDNA) could inhibit human immunodeficiency
irus (HIV) reverse transcriptase and other polymerase [33].
rugs with high selection for single-stranded forms of the HIV
enome should cause minimal damage to the host genome DNA.
ctD could inhibit HIV reverse transcriptase and other poly-
erase. This result provides useful information for the treatment

f new disease caused by some new viruses. The severe acute
espiratory syndrome-associated coronavirus (SARS-CoV) is a
ew viral RNA coronavirus with single-stranded forms of SARS
enome that causes an acute respiratory illness in this century
21]. It is worth studying whether or not ActD also play a role
n inhibiting SARS-CoV.

To our knowledge, no article concerning the research of
ctD–oligonucleotides interactions and even quantitative deter-
ination of the binding constants and stoichiometries was

eported using microchip electrophoresis. In the present work,
e explored the interactions between 18-mer ssDNA with a

equence of 5′-CGTAACCAACTGCAACGT-3′, or the 18-mer
sDNA and ActD by microchip electrophoresis. The peak height
f DNA was monitored to get practical data. The binding
onstants and stoichiometries were obtained using Scatchard
nalysis. To validate the results provided by microchip elec-
rophoresis, the stoichiometries of ActD and oligonucleotides
ere compared with ESI-MS data.

. Materials and methods
.1. Materials

ActD was purchased from AMRESCO Inc. (30175
olon Industrial, Parkway, Solon, OH, USA). The single-
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tranded DNAs of 3′-GCATTGGTTGACGTTGCA-5′ and
′-CGTAACCAACTGCAACGT-3′, whose sequence were
esigned according to the conserved regions of open reading
rame 1b (replicase 1B) following the Tor 2 severe acute res-
iratory syndrome (SARS) genome sequence of 15611-15593
23], were purchased from the TaKaRa Biotechnology Co.,
td. (Dalian, China). A 100 mM Tris (tris(hydroxymethyl)-
ethylamine, Sigma)/100 mM boric acid/2 mM EDTA buffer

TBE)/2.0% hydroxyprolymethyl cellulose (HPMC) (HPMC,
0 cps. Sigma Chemical Co., St. Louis, MO)/with a pH 8.5 was
sed as running buffer in the experiment. A 1 �mol/L SYTOX
range nucleic acid stain (Molecular Probes, Eugene, OR) solu-
ion was prepared in 2.0% HPMC TBE buffer in order to label
NA on-line. All buffer solutions were prepared in doubly dis-

illed water.

.2. Sample preparation

For microchip electrophoresis analysis, each of the ssDNAs
as dissolved in 10 mM Tris/50 mM NaCl/1 mM EDTA buffer

pH 8.5) to prepare the 18-mer dsDNA by the annealing test.
qual aliquots of the equimolar ssDNAs (50 �L) were mixed,
nd then was annealed by heating to 96 ◦C for 6 min to obtain the
sDNA and cooled to room temperature slowly (about 2–3 h).
he 20 �L of the solution containing the annealed dsDNA

0.1 �M) or the ssDNA was incubated with a 20 �L of ActD with
ifferent concentration (in water) in a 37 ◦C water bath for 2 h
rior to analysis. For ESI-MS analysis, sample preparation was
erformed as follows: the 16.7 ng non-self-complementary 18
ases single strands were separately diluted into 100 �M stock
olutions with 1 M ammonium acetate. After a 50 �L of each
on-self-complementary stock solution was mixed, the solution
f 100 �L was annealed by heating to 85 ◦C for 10 min and cool-
ng to room temperature slowly (over 3 h). Then 20 �L of the
olution containing the annealed duplex DNA was interacted
ith 30 �L of the different �M ActD (in water) to make the

omplex in a 37 ◦C water bath for 2 h. Each 50-�L solution
ontaining the complex was diluted with spray solvent (50/50,
/v, MeOH/100 mM aqueous ammonium acetate) to 100 �L for
ass spectrometry analysis.

.3. Microchip electrophoresis analyzer

The homemade microchip analytical apparatus with a 532 nm
avelength laser used in this study was illustrated in our lit-

ratures [21,34]. In brief, the output radiation (532 nm) from
n air-cooled LD-pumped solid-state laser (20 mW) (Mektec
eiwa Corporation, Beijing, China) passes through a 532 nm fil-

er (Omega Optical, Brattleboro, VT). The beam is reflected by
dichroic beamsplitter tube (Omega Optical) and focused into

he channel through a 20× microscope objective (0.4 N.A). The
mission signal is collected by the same objective and trans-
itted back through the dichroic beamsplitter. The emission
eam passes through a 570 nm bandpass filter (Omega Opti-
al), which may be alternated easily to fit a wide selection of
yes, and is focused by a focusing lens through a 400 �m pin-
ole. The photomultiplier tuber (R212, Japan) is mounted in
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n integrated detection module including high voltage power
upply, voltage divider, and amplifier. The focus was finished
y a charge coupled device (CCD) camera. The whole optical
ystem was installed on the X–Y–Z translational stage (3D micro-
anipulator, which adjusting precision is 1 �m) and the focus

an be controlled via picture displayed on the screen.

.4. Microchip

The homemade poly(methyl methacrylate) (PMMA)
icrochips used in this study were depicted in our former

ublications [35,36]. In brief, there are three suits of capillary
hannels on one microchip chip. Each reservoir volume is
3 �L.

.5. Microchip electrophoresis

Separations were carried out using a homemade microchip
lectrophoresis analyzer described above. A PMMA microchip
as used with an effective length of 4 cm and a total length of
.5 cm. Buffer and separation media were pipetted into reser-
oirs, and the microchannels were filled by applying vacuum
n one of the reservoirs. Sample was pipetted into the sample
eservoir, and, the platinum electrodes were dipped into all reser-
oirs. After the run was finished, the microchannels were rinsed
ith distilled water. The pretreatment of the channel walls did
ot need before separation. The conditions for each run were as
ollows: the injection voltage and time were 400 V/cm and 30 s,
espectively. The separation voltage and time were 130 V/cm
nd 220 s, respectively.

.6. Quantitative model of the binding assay

Regarding molecular interactions, the binding constant is an
mportant parameter. Scatchard analysis is a common way to
inearize the binding data, and the model can be expressed as
quation:

r

Cf
= −Kr + nK

here r is the ratio of concentrations of the bound ligand (or
eceptor) to total receptor (or ligand) and Cf is the unbound
igand (or receptor) concentration. K is the apparent binding con-
tant and n is the number of binding sites [37]. In the microchip
lectrophoresis section of this work, r is the ratio of concentra-
ion of the bound DNA to total ActD in the reacting solution.

.7. ESI-MS with an ion-trap mass spectrometer

Mass spectrometric measurements were carried out with a
innigan LCQ ion trap instrument (Thermo Finnigan, San Jose,
A) equipped with a standard heated capillary electrospray

ource. Since DNA is a kind of negatively charged polyelec-

rolyte at neutral pH, the electrospray source was operated in
he negative mode, with a needle voltage of −4 kV. To obtain

good spray, it was necessary to add 25% methanol to the
njected solution. Methanol was added just before injection, after

r
c
g
a
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he complexation equilibrium in NH4OAc was established. The
olutions containing noncovalent complexes, single-stranded
NA or double-stranded DNA were infused at 3 �L/min directly

nto the mass spectrometer. The spray voltage was 4.0 kV. The
apillary temperature was 175 ◦C. Sheath gas flow rate was
0 arb. Auxiliary gas flow rate was 5 arb. Tube lens offset voltage
as 55 V. Lens voltage was 50 V. Multipole 1 offset voltage was
V. Multipole 2 offset voltage was 10.5 V. Entrance lens was
0 V. The N2 bath gas flow was increased by approximately 1.5
imes volume more than that normally used for electrospray at
00 ◦C to ensure efficient desolvation. The analyzer was oper-
ted at a background pressure of 1.79 × 10−5 Torr, as measured
y a remote ion gauge. In all experiments, helium was intro-
uced to an estimated pressure of 1 mTorr for improving the
rapping efficiency. Data were collected for approximately 10
cans and analyzed with both the instrument software and the
CIS software developed by the manufacturer.

. Results and discussion

The experimental results showed that the relative standard
eviations (R.S.D.) of the migration time and peak height for
8-mer ssDNA peak and dsDNA are 1.29% and 4.22%, 1.31%
nd 4.75%, respectively. They show that the run-to-run repro-
ucibility is good.

In general, the LIF method may cause disturbances at the
inding sites of the biomolecules because it is necessary to use
fluorigenic labeling or to need a derivatization reaction. If the

nteractions of ligand–DNA were completed before DNA was
abeled by the fluorescence dye, disturbance at the binding sites
f the biomolecules might be avoided. Therefore, separation and
nalysis with on-line labeling DNA on microchips were carried
ut after the interactions of ActD and 18-mer dsDNA happened.
eanwhile, many marcobiomolecules are prone to be adsorbed

lectrostatically on the surface of plastic channel and, in general,
his phenomenon is unfavorable, or even fatal for the analysis of
acrobiomolecules. In our experiments, the use of hydroxypro-

ymethyl cellulose as an additive that gave a dynamical coating in
he running buffer could suppress the electroosmotic flow (EOF)
s well as the adsorption of DNA to the PMMA channel wall, the
hannel was dynamically coated with hydroxyprolymethyl cel-
ulose; on the other hand, hydroxyprolymethyl cellulose worked
s a sieving matrix of DNA fragments separation.

.1. The interaction between ActD and ssDNA or dsDNA

Standard samples containing 0.0127–1.27 �M of the 18-mer
sDNA or 0.005–0.3 �M of the 18-mer dsDNA were analyzed
y microchip electrophoresis. The peak height of each sample
as proportional to the concentration of ssDNA or dsDNA. The

elationships between peak height and ssDNA or dsDNA con-
entration could be expressed as y = 252.59x − 1.73 (r = 0.998)
nd y = 1151.7x + 0.55 (r = 0.997), respectively. Then the cor-

esponding concentrations of ssDNA in the binding assay were
alculated from this calibration curve. Fig. 1 shows electrophoer-
raphs of interaction between 0.127 �M 18-mer ssDNA (5′–3′)
nd various concentrations of ActD. Fig. 2 shows electro-
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ig. 1. Electrophoergraphs of interaction between 0.127 �M 18-mer ssDNA
5′–3′) and various concentrations of ActD. (a) 0 �M ActD; (b) 0.1 �M ActD;
c) 0.3 �M ActD; (d) 0.8 �M ActD; (e) 1.25 �M ActD.

herograms of 0.05 �M 18-mer dsDNA mixed with various
oncentrations of ActD. When a mixture of ssDNA or dsDNA
nd ActD was injected into the channel of microchip, SYTOX
range dye in the buffer intercalated the 18-mer ssDNA or
sDNA, and thus the ssDNA or dsDNA could be detected.
hen the dye could not intercalate ActD, which could not be
etected in the assay. With increasing the concentrations of
ctD, the peak heights of ssDNA or dsDNA fall as shown in
igs. 1 and 2. Since the fluorescent dye reacted with free DNA,

he observed signals represent the fraction which did not bind
o ActD. When the concentration of ActD was excessive, the
eaks of ssDNA and dsDNA could be not detected. This is a
asic for the quantitative determination. The ActD contributed
ositive charges to DNA, therefore, the complex became neu-
ral or near-neutral. As a result, through an electro-migration

njection mode, the complex might not be loaded into separa-
ion channel or, although there were a few complexes injected,
eparation time was too short to detect them in the separation
onditions using the dynamoelectric injection mode.

ig. 2. Electropherograms of 0.05 �M 18-mer dsDNA mixed with various con-
entrations of ActD. (a) 0 �M ActD; (b) 0.25 �M ActD; (c) 0.5 �M ActD; (d)
.75 �M ActD; (e) 1.0 �M ActD.
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To quantitatively characterize the interaction between ActD
nd the 18-mer ssDNA or dsDNA, the concentrations of free
sDNA and free dsDNA were calculated from the calibration
urves, and thus the r-values were obtained. Two K were cal-
ulated to be (8.3 ± 0.32) × 106 M−1, (2.8 ± 0.02) × 105 M−1

rom the slope, respectively. When the intercept was divided by
he slope, a value of 1.22 ± 0.11 or 1.96 ± 0.1 for n was obtained.
hese results indicated the binding stoichiometries for ssDNA
nd dsDNA were 1:1 and 1:2, respectively. The results were in
ood agreement with the data obtained using the spectropho-
ometer by Wadkins and Jovin [38] and Sha [11]. Compared
ith the above two binding constants, the results indicated that
ctD bound much more tightly to the single strand than DNA
elix with a specific sequence in SARS genome sequence.

.2. Electrospray of single and duplex
ligodeoxynucleotides

To easily understand the ESI spectra of oligonucleotides
nd their complex (oligonucleotide–ActD), ssDNA and dsDNA
ere analyzed by ESI-MS. The oligonucleotides concentration
as optimized as 10 �M. Fig. 3 shows the ESI/spectra of 10 �M

olutions of 18-mer single-stranded oligonucleotides (A and B)
nd annealed 18-mer dsDNA (C). Figs. 3A or 4B shows that the
ingle-stranded DNA with four negatively charged is dominat-
ng, and then the duplex DNA with six negatively charged is in
he majority, a small quantity of single-stranded DNAs with four
egatively charged, which are 3′-GCATTGGTTGACGTTGCA-
′ and 5′-CGTAACCAACTGCAACGT-3′, appeared in Fig. 3C.
hese results are in favor of estimating the noncovalent complex
f ActD and 18-mer dsDNA.

To detect the noncovalent duplex in the gas phase using
SI-MS, we referenced the reported method [40]. In brief,

he non-self-complementary strands in 1 M ammonium acetate
ere annealed and the annealed sample in 100 mM ammonium

cetate was sprayed. The molar numbers of the ssDNAs added
ere equal, and the duplex DNA was inspected by microchip

lectrophoresis. Distinctly, the annealing process insures duplex
ormation for non-self-complementary oligodeoxynucleotides.
SI/MS spectra of two complementary ssDNA and dsDNA in
ig. 3 show that the single or duplex stranded oligonucleotides
o not form any nonspecific aggregation of duplex. These results
avor the subsequently observation of dsDNA and its nonco-
alent complexes between drug and duplex oligonucleotides.
SI-MS can reveal binding stoichiometry for relatively small
mounts of material and study the noncovalent complexes
f small organic molecules to single-[6] and double-stranded
39–41] oligonucleotides.

.3. Observation of noncovalent complexes between ActD
nd 18-mer ssDNA or 18-mer dsDNA

The solution was injected to ESI-MS and the binding sto-

chiometry was measured by mixing ssDNA or dsDNA with
ctD in a 1:1 molar ratio. Fig. 4A shows a 1:1 ssDNA/ActD

omplex is mostly product. Therefore, ActD has 1:1 binding
toichiometry. Because the ion-trap instrument here we used



X. Zhou et al. / Talanta 72 (2007) 561–567 565

Fig. 3. ESI/MS spectra of single and duplex oligodeoxynucleotides: (A) 5′-CGTAACCAACTGCAACGT-3′; (B) 3′-GCATTGGTTGACGTTGCA-5′; (C)
d(CGTAACCAACTGCAACGT)2. The designation ss and ds are single-stranded and double-stranded.
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Fig. 4. Product-ion mass spectra (MS/MS) of 5′-CGTAACCAACTG

as an upper mass limit of m/z 2000, we could not get the
hole charge distribution for each species. So, the ration of

he abundance of the even-charge complex to that of the even-
harge free single or duplex was used to evaluate the binding
ffinity. The result in Fig. 4A shows that the ration of the even-
harge ssDNA–ActD complex/the even-charge free ssDNA is
pproximately 3, which indicates that there is stronger binding
ffinity between ActD and 18-mer single-stranded DNA (5′–3′).

hen, the results in Fig. 4B show that the ration of the even-
harge dsDNA–ActD complex/the even-charge free dsDNA is
nly nearly one fourth, which is significantly less than the for-
er, and there are formation of 1:2 oligonucleotide duplex/ActD

s
r

CGT-3′ (A) and d(CGTAACCAACTGCAACGT)2 (B) with ActD.

omplexes and 1:1 oligonucleotide single/ActD complexes. The
bove demonstrated results showed that ActD bound much more
ightly to the single strand used here than double-stranded DNA,
nd ActD has 1:2 binding stoichiometry (18-mer dsDNA/ActD).
his result is in good agreement with that obtained by microchip
lectrophoresis.

. Conclusion
The microchip electrophoresis has been proved to be a
uccessful method for studying ligand–DNA interactions. The
esults from both microchip electrophoresis and ESI-MS showed
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