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Abstract Binding of ligands to DNA gives rise to several

relevant biological and biomedical effects. Here, through

the use of atomic force microscopy (AFM), we studied the

consequences of drug binding on the morphology of single

DNA molecules. In particular, we quantitatively analyzed

the effects of three different DNA-binding molecules

(doxorubicin, ethidium bromide, and netropsin) that exert

various pharmacologic and therapeutic effects. The results

of this study show the consequences of intercalation and

groove molecular binding on DNA conformation. These

single-molecule measurements demonstrate morphological

features that reflect the specific modes of drug–DNA

interaction. This experimental approach may have impli-

cations in the design of therapeutically effective agents.
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Introduction

In the past decade, use of single-molecule experiments to

test the effects of DNA binders on the morphology of DNA

molecules has become widespread, and several examples

have been reported (Walter et al. 2008; Neuman and Nagy

2008).

DNA molecular morphology is generally characterized

by measuring the contour length L (which represents the

length of a completely extended molecule) and the per-

sistence length P (which measures the DNA flexibility and

corresponds to the length scale over which DNA undergoes

significant bending, i.e., the decay length of bending fluc-

tuations). The most frequently used single-molecule tech-

niques for measuring the L and P of a DNA molecule are

optical tweezers (OT) (Murayama et al. 2003; Baumann

et al. 1997, 2000; van Mameren et al. 2006; Moffitt et al.

2008; Noom et al. 2007), magnetic tweezers (MT) (Salerno

et al. 2010; Vilfan et al. 2009; Besteman et al. 2007; Smith

et al. 1992; Gosse and Croquette 2002; Strick et al. 2003),

piezoelectrically controlled micropipettes (MP) (Busta-

mante et al. 2003), and atomic force microscopy (AFM)

(Abels et al. 2005; Pope et al. 2000; Coury et al. 1996;

Dame et al. 2000; MacKerell and Lee 1999; Bustamante

and Rivetti, 1996; Lyubchenko et al. 1992).

Along this vein of single-molecule analysis, AFM

images provide a direct tool for exploring the effects of

ligands on DNA morphology. Indeed, due to its nanoscale

resolution, AFM yields detailed images of DNA chains that

allow the assessment of L and P (Abels et al. 2005; Pope

et al. 2000; Coury et al. 1996; Dame et al. 2000).

There are several examples of AFM techniques for the

study of ligand–DNA interactions. What follows is a brief

description of a few relevant cases. One of the seminal

works in this field was completed by Coury et al. (1996),
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who analyzed AFM images to extract the binding mode,

affinity, and exclusion number of DNA in the presence of

different ligands [ethidium, daunomycin, and 2,5-bis(4-

amidinophenyl)furan (APF)].

More recently, the cisplatin molecule, which is a well-

known anticancer drug, was studied using AFM (Hou

et al. 2009). By careful analysis of AFM images, DNA

condensation induced by cisplatin was observed, and a

model was proposed to explain the progressive globular-

ization of DNA. With increasing concentrations of cis-

platin, AFM images first showed local distortions of

DNA, followed by microloops, large aggregates, and

finally compact globules.

Structural changes induced by cisplatin were also stud-

ied by single-molecule force spectroscopy (Krautbauer

et al. 2000). In one such example, AFM was not used for

imaging; instead, it was used for exerting picoforces on

single DNA molecules, which were attached between the

AFM cantilever and a gold substrate. The experiments

revealed significant changes in the nanomechanical prop-

erties of DNA after platination, and these changes appeared

to be strongly dependent on the specific DNA sequence.

Analogously, using AFM, Mihailovic et al. (2006)

measured the effect of interactions in a particular group of

octahedral organometallic complexes that intercalate with

DNA molecules. In the presence of different concentrations

of complexes and by considering the DNA contour lengths

obtained from AFM images, the interaction binding con-

stant was derived to illustrate the difference between

intercalation and groove binding.

AFM was also used to study the structural tertiary

transition of plasmid DNA in the presence of ethidium

bromide (Pope et al. 2000). By increasing the ethidium

bromide concentration, the authors observed a progressive

transition from a relaxed structure to a region of plecto-

nemic supercoils. AFM images of DNA plasmids can

directly confirm hypotheses that are suggested by other

biochemical techniques such as electrophoresis (Viglasky

et al. 2003). In such cases, images of DNA adsorbed onto a

substrate at different temperatures and drug concentrations

were acquired by AFM, which allowed researchers to

distinguish the chirality assumed by the plasmid under

different conditions.

Overall, these papers show that the AFM single-

molecule technique can provide important descriptions of

the structural aspects of DNA–ligand binding. Similarly,

the general idea of the present work is to use the AFM

technique to study the effects of three different ligands

including doxorubicin (DOXO), ethidium bromide

(ETBR), and netropsin (NETRO) on DNA molecules.

– DOXO is a well-known DNA intercalating agent, and

DNA is recognized as being the primary target for its

pharmacological action. Despite the central role of

DNA binding in the antitumor activity of anthracy-

clines, available evidence indicates that the inhibition

of specific DNA function is responsible for DOXO’s

therapeutic effects. Indeed, the primary mechanism of

cytotoxic and antitumor activity by DOXO is now

considered to be its interference with the function of

topoisomerase II. DOXO functions as an enzyme

poison by forming a DNA–drug–enzyme ternary com-

plex, thus stabilizing the cleavable complex in which

DNA strands are broken and enzyme subunits are

covalently linked to DNA. Stabilization of the cleav-

able complex causes specific lethal DNA lesions (i.e.,

double-strand protein-associated DNA breaks) after

interactions with enzymes involved in DNA metabo-

lism (Minotti et al. 2004).

– ETBR is a DNA intercalating molecule without anti-

tumor activity that is used as a laboratory tool for DNA

staining (Langner et al. 2006). It has been reported that

ETBR modifies the DNA contour length (Krautbauer

et al. 2002; Vladescu et al. 2005; McCauley et al.

2005; Ros et al. 2004) and induces unwinding (Hayashi

and Harada 2007; Wang 1974).

– NETRO is a minor groove binder that exhibits antiviral

activity by inhibiting replication of DNA and RNA

viruses in mammalian cells (Kopka et al. 1985).

NETRO causes overtwisting of DNA chains, as shown

in Triebel et al. (1994, 1995) and Snounou and

Malcolm (1983).

In this work, we quantitatively analyzed AFM images of

DNA in the presence of increasing concentrations of drugs,

and we extracted the corresponding values of contour

length and persistence length. Our quantitative analysis of

AFM images yields an evaluation of the mean square

values of the end-to-end distance hR2i versus the curvi-

linear coordinate s measured along the chain. Using this

procedure, we can quantify the dependence of the DNA

contour length L and persistence length P on the applied

drug concentrations.

We detected a clear increase of L in the presence of

added DOXO and ETBR, whereas the effect of NETRO

on L was less obvious. All drugs induced a decrease of

P. Moreover, we found that high concentrations of DOXO

and ETBR caused aggregation and collapse of the DNA

chains. In both cases, the aggregates appeared to be ran-

dom flocks due to chain–chain interactions, but at inter-

mediate concentrations, the DNA–ETBR data seemed to

also show tertiary compact structures that resembled

plectonemes. The aggregation effects were more easily

induced at lower concentrations of DOXO compared with

ETBR. No aggregation effects were observed with

NETRO.
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Materials and methods

Drug characterization

In this study, we used three different DNA binders: doxo-

rubicin (DOXO), ethidium bromide (ETBR), and netropsin

(NETRO). All three binders were purchased from Sigma

Aldrich and were diluted in 0.22-lm-filtered deionized pure

water.

DNA preparation for AFM measurements

For AFM studies, pUC19 plasmid DNA (Nbp = 2,686 bp)

was used. Plasmid DNA was isolated with a QIAGEN

MIDI kit and then linearized with EcoRI (New England

Biolabs), fractionated on 1.4% agarose gel, and purified

with a QIAGEN MinElute gel extraction kit with elution in

10 mM Tris-Cl, pH 8.5. To reduce spurious cuts or star

activity of the restriction enzyme, no more than 5 units of

EcoRI (New England Biolabs) were used to linearize 1 lg

plasmid DNA for a cleavage time no longer than 2 h. This

procedure minimized the amount of spurious fragments

(see histogram in Fig. 1c). The DNA concentration used in

these studies ([DNA]0 = 0.14 nM) was estimated to pro-

vide reasonable DNA molecule statistics and to provide

single-filament deposition on mica without superposition.

There are several strategies for DNA deposition on mica

surfaces (Lyubchenko et al. 1992; Lyubchenko and

Shlyakhtenko 1997; Podestá et al. 2005; Hansma et al.

1997). Here, we mainly followed the protocols of Hou

et al. (2009), Lysetska et al. (2002), and Hansma and

Laney (1996), in which a nickel buffer was used because it

seemed to provide the strongest DNA adhesion to the mica

surface.

The DNA was diluted to final concentration of 0.24 ng/ll

in 2 mM Ni2? and 10 mM N-2-hydroxyethylpiperazine-

N0-2-ethanesulfonic acid (HEPES) at different concentrations

of drug. To study the modifications of DNA morphology

by AFM imaging, a 35 ll DNA solution at different drug

concentrations was incubated on freshly cleaved mica (Ted

Pella) at room temperature for 5 min to allow the DNA

to adsorb to the surface. The sample was rinsed with

0.22-lm-filtered deionized pure water and dried with a

gentle nitrogen flow.
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Fig. 1 a Representative

2 lm 9 2 lm AFM image

(512 9 512 pixels, z range

1 nm). Data were obtained for

untreated DNA molecules of

2,686 bp deposited on mica

using Ni2? buffer. b Detailed

magnified image of a DNA

molecule tracked by a semi-

automatic Matlab routine (the

scale bar is 100 nm, z range

2 nm). c Histogram of the

contour length distribution

measured from AFM images

and a relative Gaussian fit.

d Dots: mean square values of

the end-to-end distances

hR2i plotted as a function of the

curvilinear coordinate s; solid
line: best fit of hR2i(s) as

obtained by the worm-like chain

model (see Eq. 1 and text for

details)
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AFM technique

AFM images of single DNA molecules deposited on mica

surfaces were acquired with a Nanowizard II (JPK Instru-

ments, Berlin) instrument. Measurements were performed in

tapping mode in air using stiff silicon cantilevers (RTESP-

Veeco, resonant frequencies of *300 kHz, and spring

constant of *40 N/m). AFM images (2 lm 9 2lm) were

acquired at 1 Hz scan rate and 512 9 512 pixel resolution.

All data in this study were verified by sampling a wide range

of areas over the sample surfaces.

In addition to the qualitative analysis of the AFM ima-

ges, to quantitatively characterize the drug effects, we

considered the contour length (L) and persistence length

(P) as specific functions that describe the DNA morphology

and the drug–DNA binding (Coury et al. 1996; Hansma

et al. 1997; Lysetska et al. 2002; Viglasky et al. 2003;

Moreno-Herrero et al. 2006; Wiggins et al. 2006).

Figure 1 shows a typical representative AFM image of

bare DNA and the relevant data analysis. AFM images of

single DNA molecules (Fig. 1a) were filtered by JPK

software and then processed by custom Matlab (The

MathWorks, Natick, MA) routines. First, using a computer-

aided algorithm, we tracked the digitized image of each

DNA molecule, and we obtained the coordinates of the

geometric two-dimensional (2D) shape of the single fila-

ments with 5 nm step accuracy (corresponding to the

minimum step value, because a pixel is 4.9 nm in size)

(Fig. 1b). Then, from the track coordinates and for each

filament, we evaluated both the contour length and the

mean square value of the end-to-end distance hR2i as

functions of the curvilinear coordinate (s). The average

contour length L was obtained by a Gaussian fit of the

contour length histogram of each experimental set. In the

example shown in Fig. 1c, from the Gaussian fit (solid

line), we measured an average contour length of

943 ± 50 nm, which is in agreement with the value of

913 nm that was expected for the pUC19 plasmid.

To obtain the persistence length value P by averaging

several tenths of DNA filaments, the hR2i(s) function was

acquired for each set of experiments. Then, the resulting

functions ware fitted with the following expression derived

from the two-dimensional worm-like-chain (WLC) model

(Rivetti et al. 1996):

R2
� �

¼ 4Ps 1� 2P

s
1� e�

s
2P

� �
� �

: ð1Þ

Since high values of s involve few statistics, the fit range

of s was limited to *0–300 nm. Typically, beyond this

value, the data are noisy and systematically different from

the fitting curve, as shown in Fig. 1d. We found a

persistence length of 39.5 ± 5 nm for the untreated DNA

molecules. The value of the persistence length of DNA

filaments measured in aqueous buffer on a Ni2?-treated

mica surface by Hansma et al. (1997) was *30 nm, while

the value measured by Lysetska et al. (2002) was *36 nm.

Both values are in close agreement with our results. This

value has to be compared with other previous results,

which estimated the persistence length of undamaged DNA

deposited on a surface in the presence of Mg2? as ^50 nm

(Rivetti et al. 1996). It is important to note that AFM

measurements of persistence length are susceptible to both

the particular sample preparation and the specific analysis

method used (Lysetska et al. 2002; Hansma et al. 1997). In

the literature, most studies on persistence length were

performed on DNA deposited with Mg2? (Rivetti et al.

1996; Podestá et al. 2005). In contrast, our measurements

were acquired with samples deposited with Ni2? buffer to

enhance the adhesion of the DNA molecules (Hansma and

Laney 1996).

Results and discussion

In what follows, we present representative AFM images of

DNA obtained at increasing concentrations of DOXO,

ETBR, and NETRO.

Figure 2 shows the data obtained in the presence of

DOXO. For low DOXO concentrations, the DOXO–DNA

interaction seems to have a negligible effect on the chain

conformation (Fig. 2a, b), which appears unmodified in the

absence of the drug (Fig. 1a). At increased DOXO concen-

trations, chain loops and overlaps are present with higher

probability, and the filaments appear more and more

aggregated and entangled (Fig. 2c). A further increase of the

DOXO concentration results in the appearance of some

aggregated and disordered coils (Fig. 2d) until complete

DNA collapse (corresponding to 3.7 and 5.5 lM) (Fig. 2e,f).

Similarly, selected AFM images acquired in the pres-

ence of ETBR ranging from 0.18 to 50 lM are shown in

Fig. 3. At low ETBR concentrations, most filaments

appeared to be relaxed, with natural conformations

(Fig. 3a, b), whereas aggregates and plectonemic structure

were detected at higher concentrations, (Fig. 3c–e). This

characteristic alteration of morphology (plectonemes) can

be observed on careful inspection of the ETBR–AFM

images (as shown in the enlargements of Fig. 3c, d), where

the DNA appears as an interrupted fork instead of a single

filament. As the ETBR concentration was further

increased, the molecules were completely tangled (Fig. 3f),

which resulted in a distribution of aggregated and disor-

dered chains. Apparently, as a consequence of the presence

of DOXO and ETBR, the DNA became sticky and gluey; at

intermediate drug concentrations, the DNA filaments

formed contacts that remain joined and form loops,

whereas at high concentrations, they constituted disordered
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Fig. 2 AFM images of DNA (2 lm 9 2 lm, z range 1 nm) deposited on mica in 2 mM nickel and 10 mM HEPES at different doxorubicin

concentrations: a 0.1 lM, b 0.4 lM, c 0.7 lM, d 2.7 lM, e 3.7 lM, and f 5.5 lM

Fig. 3 AFM images of DNA (2 lm 9 2 lm, z range 1 nm) depos-

ited on mica in 2 mM nickel and 10 mM HEPES at different ethidium

bromide concentrations: a 0.18 lM, b 0.5 lM, c 1 lM, d 5 lM,

e 10 lM, and f 50 lM. Panels (d) and (e) present enlargements of the

DNA details, showing the ‘‘plectonemic’’ fork-like structures not

observed with the other DNA binders under investigation
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aggregates. These aggregation phenomena occurred at

higher concentrations for ETBR (50 lM) than for DOXO

(5.5 lM).

At comparable concentrations of drug, DNA–NETRO

images (Fig. 4) did not show the above-described effects; at

increasing concentrations of NETRO, no aggregation was

detected despite the observed stiffness decrease. In the

presence of NETRO, the average size of the DNA coils

seems to decrease, but the single DNA chains are still

distinguishable.

For a deeper understanding of drug–DNA interactions,

we quantitatively characterized the DNA behavior by

analyzing the AFM images. We tracked every distin-

guishable DNA molecule with suitable algorithms, and

then calculated the contour length and the persistence

length at various drug concentrations below the entangle-

ment and aggregation concentrations.

Remarkably, in the presence of either DOXO or ETBR,

we always observed a statistical distribution of aggregated

and nonaggregated chains. At low drug concentrations, the

number of aggregated chains was completely negligible,

whereas with increased drug concentrations up to a limiting

concentration, all chains appeared to be aggregated in col-

lapsed coils. Above certain concentrations (Figs. 2f and 3f),

the single DNA chains were indistinguishable within the

aggregates; as a consequence, it was impossible to extract

the contour length and persistence length using the tracking

algorithm. Accordingly, our quantitative study was carried

out for drug concentrations ranging up to the maximum

concentration at which some single DNA filaments were still

well defined, i.e., 5.5 lM for DOXO and 50 lM for ETBR.

In Fig. 5 we show, for the three drugs under investiga-

tion, the DNA contour length L as a function of the total

drug concentrations obtained using the procedure described

and discussed in section ‘‘Materials and methods.’’

Accordingly, the histogram of the measured contour

lengths was fitted with a Gaussian curve to provide the

DNA average value and the width r of the distribution,

which is provided by the error bars ±r of the Gaussian

peak values. The data were obtained at fixed DNA con-

centration, corresponding to a base pair concentration of

[bp]0 = 0.37 lM. The DNA length at zero drug concen-

tration, corresponding to the drug-free DNA condition, was

about 943 ± 50 nm, which is in good agreement with the

plasmid pUC19 expected value of 913 nm.

As shown in Fig. 5, the contour length of the interca-

lated DNA molecules clearly increases in the presence of

DOXO and ETBR, while the increase with NETRO is less

Fig. 4 AFM images of DNA

(2 lm 9 2 lm, z range 1 nm)

deposited on mica in 2 mM

nickel and 10 mM HEPES at

different netropsin

concentrations: a 0.14 lM,

b 0.33 lM, c 1.4 lM, and

d 3.3 lM
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defined. This different behavior between DOXO, ETBR,

and NETRO reflects a different binding mechanism of

NETRO, i.e., nonintercalating minor groove binding,

which cannot be described within the same scheme of the

intercalators.

At a concentration of *5 lM for DOXO and

*35 lM for ETBR, L asymptotically reached the value

of 1.25 lm for DOXO and 1.35 lm for ETBR. These

values correspond to a 35% increase in length, which is

similar to what was already obtained in previous com-

parable studies on daunomycin by Coury et al. (1996)

and Rocha et al. (2007). These saturation values were

attained as a consequence of the occupancy of all pos-

sible DNA intercalation sites. By assuming that each

drug molecule induces a lengthening a = 0.34 nm for

both DOXO and ETBR (Coury et al. 1996), we can

estimate that DNA binding occurs about every n & 3 bp

for DOXO and every n & 2 bp for ETBR [n is the

so-called exclusion number (Coury et al. 1996)], where

n is obtained by n = (L - L0)/(aNbp), L (or L0) is the

length of DNA in the presence (or absence) of drugs, and

Nbp is the base pair number. The saturation increase in

presence of NETRO is very small (of about 5%), as

expected due to the minor groove binding characteristics

of NETRO. Given the experimental error of the AFM

measurements with NETRO, it is difficult to discriminate

between a real lengthening and an effect due to the

enhanced flexibility of the DNA, which results in a less

accurate Gaussian fit.

By assuming the AFM-measured values of L as

the reaction coordinate and by considering a classical

Langmuir-like interaction between the DNA base pair

(receptor) and drug (ligand), it is possible to derive a

fitting equation for the DNA contour length in the pres-

ence of drug to extract the binding constant K and the

exclusion number n (Lerman 1964; Pope et al. 2000).

Accordingly, the interaction between DNA and drug

molecules is determined by the following equations

(Bornhop et al. 2007):

K � ½bp�=n � ½D� ¼ ½B�
bp½ �0=n ¼ ½bp�=nþ ½B�
D½ �0¼ ½D� þ ½B�

8
><

>:
; ð2Þ

where [bp]0 and [bp] are the molarities of the total and

unbound (free) DNA base pairs, respectively, [D]0 and [D]

are the molarities of the total and unbound (free) drug,

respectively, [B] is the molarity of the bound DNA base

pairs or bound drug, and n is the exclusion number. Then,

by solving the above equations, we obtain:

½B� ¼ Kð½bp�0=nþ ½D�0Þ þ 1

2K

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½Kð½bp�0=nþ ½D�0Þ þ 1�2 � 4K2½bp�0=n½D�0

q

2K
:

ð3Þ

Since the length of the intercalated DNA (L) is related to

the length of the nonintercalated molecule (L0) and to the

single-event lengthening a, we have
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Fig. 5 DNA contour length measured as a function of the added drug

concentration at fixed DNA concentrations ([DNA]0 = 0.14 nM).

Data obtained from analysis of AFM images (see text for details). The

dashed line is the fitting line obtained using Eq. 5
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½B� ¼ L� L0

a
½DNA�0 ð4Þ

where [DNA]0 is the total DNA concentration. Then, the

free parameters binding constant K and binding number

n can be determined by fitting the intercalated DNA

contour length L (measured at concentration [D]0) with the

following formula:

L ¼ L0 þ
a

2K½DNA�0
ðKðGþ ½D�0Þ þ 1Þ

� a

2K½DNA�0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKðGþ ½D�0Þ þ 1Þ2 � 4K2G½D�0

q
;

ð5Þ

where

G ¼ ½DNA�0Nbp

n
ð6Þ

and the fixed parameters are L0, a (estimated as 0.34 nm;

Coury et al. 1996), and the number Nbp is the number of

base pairs per DNA molecule (2,686 for pUC19).

Using the fitting procedure for DOXO and ETBR

(dashed lines in Fig. 5), we obtained values of the binding

affinity of KDOXO = 2.6 (±0.6) 106 M-1 and of KETBR =

1.8 (±0.5) 105 M-1 and exclusion numbers of nDOXO =

2.7 and nETBR = 2. These values should be compared with

the values of 1.2 (±0.1) 105 M-1 and 2.8 obtained for the

intercalator daunomycin and 6.6 (±1.9) 104 M-1 and 2 for

ETBR (Coury et al. 1996; Lipfert et al. 2010; Salerno et al.

2010). Such parameters can be used as the index of binding

efficiency for AFM screening of DNA interacting

molecules.

To characterize the DNA in the presence of drugs, an

important quantitative element is the persistence length

P. Accordingly, persistence lengths of DNA filaments at

different drug concentrations were calculated by fitting the

measured values of the mean square value of the end-to-

end distance hR2i as functions of the curvilinear coordinate

s according to the 2D WLC model (Eq. 1).

In Fig. 6, we show the persistence length values of

drug–DNA complexes as functions of the total drug

concentrations for the three drugs under investigation. We

observed a decrease of persistence length as a conse-

quence of the increased DNA flexibility induced by the

three drugs. The effect of ETBR on P is more relevant,

since the saturation value at high drug concentrations is

less than 20 nm in contrast to the value of more than

25 nm obtained with DOXO. Furthermore, for ETBR, we

noted that P, which started at an initial value of about

39.5 nm, first slightly increased and then, at higher drug

concentrations, decreased to a saturation value. This sur-

prising initial increase of P as a function of the added

ETBR concentration was previously observed by

magnetic tweezer measurements and interpreted using an

‘‘ab initio’’ calculation by Rocha et al. (2007, 2009).

Reflecting the different mechanics of action of NETRO

with respect to DOXO and ETBR, the minor groove

binder in our analysis induced a large decrease in per-

sistence length to a value of 15 nm (Lipfert et al. 2010;

Salerno et al. 2010).
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Fig. 6 DNA persistence length measured as a function of drug

concentration at fixed DNA concentration ([DNA]0 = 0.14 nM). Data

obtained from analysis of AFM images (see text for details)
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Conclusions

In this work, we studied three molecules with different

effects on DNA: DOXO (a DNA intercalating drug widely

used for treatment of many cancers), ETBR (a mutagenic

DNA intercalating agent), and NETRO (a minor groove

binder possessing antiviral, antifungal, and antimicrobial

properties). Using the AFM single-molecule technique, we

observed the molecular effects of those binders on DNA

morphology. We noticed some characteristics of the DNA–

drug binding phenomenon (increasing DNA length and

modified flexibility) that were not easily measurable with

other standard biochemical techniques.

Furthermore, through quantitative analysis of the AFM

images, we evaluated the binding constants and the

exclusion numbers of the drugs under investigation. As an

important outcome of this work, we observed that both the

anticancer drug DOXO as well as ETBR induce a notice-

able increase of the DNA contour length with respect to

NETRO. In addition, the progressive aggregation of DNA

molecules observed in the presence of high concentrations

of DOXO and ETBR is notable. In particular, we detected

aggregation of DNA molecules at lower concentrations of

DOXO than those required for ETBR.

The different behavior of DOXO with respect to ETBR

is likely due to different chemical features of the mole-

cules. Indeed, the presence of an amino-sugar moiety in the

DOXO structure increases the binding affinity for DNA

and caused complete aggregation at low concentrations of

DOXO with respect to ETBR. The complete aggregation of

DNA could explain the reduced DNA damage observed in

cleavage experiments performed in the presence of high

concentrations of DOXO (Bigioni et al. 2001). In this

regard, the production of aggregates renders the DNA less

accessible by topoisomerase II and thus unavailable for the

formation of a cleavable complex in this enzyme-mediated

task.

Finally, based on our results, we suggest that the present

approach could be a useful tool for quantitative evaluation

of new molecules aimed at improving possible therapeutic

effects based on their modes of DNA interaction.
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