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It has been demonstrated in our studies that the intrinsic cur-
vature of DNA can be easily interrupted by low concen-
trations of chloroquine and ethidium bromide. In addition,
the changes of DNA curvature caused by varying the concen-
tration of these two DNA intercalators can be readily verified
through using an atomic force microscope.

Unlike canonical-B structures of DNA, intrinsically curved DNA
is a type of DNA molecule whose backbone exists in the bent
conformation.1–4 This non-B structure of DNAwas discovered in
the 1980s and is known to play important roles in various bio-
logical processes.5,6 The DNA sequence in the replication origin
in Simian Virus 40, for example, is curved, which is crucial for
proteins binding for initiation of replication.7 In addition, topo-
isomerase I is known to bind tightly to and selectively cleave
some intrinsically curved DNA.8 These DNA intrinsic curvatures
have generally resulted from local structural polymorphism in
the region of homopolymeric dA–dT, which is at least 4 base
pairs long and the A–T tracts are repeated in phase with the helix
screw.9,10 The extent of these sequence-directed intrinsic curva-
tures is found to be strongly dependent on temperature and
weakly dependent on the ionic strength of the solution.11 The
previous studies on gel mobility shift and differential scanning
calorimetry revealed that the curved DNA may pre-melt to
uncurved DNA at elevated temperature.12–14 Although it has
been shown that the ionic strength has insignificant effect on
DNA curvature, the curvature of the curved DNA is expected to
be increased in a higher ionic strength environment by reducing
the repulsion between the two DNA strands.15 Moreover, some
of the DNA ligands have been found to affect the intrinsic curva-
ture of DNA.16–19 Based on our recent analysis of the circularly
curved structure of kinetoplast DNA (kDNA) minicircle from
trypanosomatid Crithidia fasciculata, we speculate that chloro-
quine and ethidium bromide, as DNA intercalators, could

interfere readily with the extent of intrinsic curvature of DNA.
Here we report the results of our studies on the interfering effects
of DNA intercalating agents on the intrinsic curvature of kDNA,
using atomic force microscopy (AFM).20–31

Relaxed form of circular kDNA (2515 bp) was accordingly
incubated with nicking enzyme, Nb. BtsI, to allow the generation
of a nick site on the circular structure of DNA. In order to
confirm a nick site was indeed generated in the kDNA, electro-
phoresis examination was carried out.32 As shown in Fig. 1(a),
the reaction product of kDNA after catalysis by Nb. BtsI (Lane
3) displays a slower mobility shift than that of control kDNA
(Lane 2). This observation indicates that a nick site is generated
in kDNA by Nb. BtsI.

Both closed circular kDNA and nicked circular kDNA were
next examined in our studies using an atomic force microscope.
As shown in Fig. 2, the backbones of both closed and nicked cir-
cular kDNA molecules in their AFM images are kinked33 and
the backbone self-crossing occurs in around 80% of the DNA
molecules. This observation of kinking and self-crossing is pre-
sumably associated with the intrinsic curvatures of kDNA.34–37

In addition, there is no obvious difference between the AFM
images of closed (Fig. 2(a)) and nicked (Fig. 2(b)) circular
kDNA, which is indicative of the nick site on kDNA having
little effect on the overall shape of the circular DNA molecules.

Fig. 1 Electrophoretic analysis of kDNA (a) and pSP73 (b). (a) Lane
1: molecular weight marker; Lane 2: purified closed circular kDNA;
Lane 3: kDNA nicked by Nb. BtsI. (b) Lane 1: molecular weight
marker; Lane 2: pSP73 alone; Lane 3: pSP73 nicked by Nb. BsrDI.
Both electrophoretic analyses were run in 1% agarose gel in 1X tris-
acetate–EDTA buffer at 3.3 V cm−1 for 3 hours at room temperature
with 0.25 μM of ethidium bromide (a), or without ethidium bromide (b).
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Chloroquine is known to be an effective DNA intercalator.
With the purpose of examining whether chloroquine could
indeed disturb the intrinsic curvature of kDNA, nicked kDNA
was incubated with 1.2 mM chloroquine for 30 minutes. The
resultant kDNA samples were then examined using AFM. As
shown in Fig. 3(d), most of the AFM images of the DNA
display smoother and rounder shapes in their backbone as com-
pared with the AFM images of the non-chloroquine intercalating
kDNA in Fig. 3(a). The smoother shapes of kDNA shown in
Fig. 3(d) could imply that the curvature of DNAwas interrupted
by the invasion of chloroquine in the molecular structure as
anticipated. Since the overall shapes of circular DNA molecules
vary upon the addition of DNA intercalators, we wish to intro-
duce “Crossover Distance” and “Minimum Crossover Distance”
for describing the curvature alteration in the DNA circles.

Crossover Distance for a circular DNA in its AFM image is now
defined as the distance between two points on the DNA back-
bone, on each side of which the number of “on” pixels are
approximately equal while Minimum Crossover Distance is the
shortest Crossover Distance found in a DNA circle (Fig. S3†).
Based on our measurements, the averaged Minimum Crossover
Distances for DNA in Fig. 3(a) (kDNA alone) and in Fig. 3(d)
(kDNA saturated with chloroquine) are 72.4 nm and 120.2 nm,
respectively (Fig. S4†), which indicates that chloroquine could
increase the Minimum Crossover Distance of kDNA through its
intercalating action. It should be pointed out that the method dis-
cussed above is a minimalist approach while quantitative analy-
sis of DNA molecules in their AFM images can in fact be
carried out easily and accurately through using “Scanning Probe
Image Processor (SPIP)”.38,39

Furthermore, the chloroquine concentration dependency of the
shapes of kDNA was examined during our investigations. As
seen in Fig. 3, the smoothness of circular kDNA increased with
increasing chloroquine concentration. The observations shown in
Fig. 3(b) and 3(c) could be considered as evidence that the inter-
ruption of the intrinsic curvature of kDNA is a chloroquine con-
centration-dependent process. In addition, the averaged
Minimum Crossover Distance as a function of concentration of
chloroquine was plotted in our studies, which is given in
Fig. S4.† Our results revealed that the averaged Minimum Cross-
over Distance of kDNA increased with the increase in concen-
tration of chloroquine.

pSP73 is plasmid DNA (2464 bp) that contains no identifiable
intrinsic curvature in its sequence. To confirm that the kinked
shape of kDNA is indeed associated with intrinsic curvature of
DNA, nicked pSP73 (Lane 3 in Fig. 1(b)) was examined in our
studies. As shown in Fig. 4(a), the nicked pSP73 do not display
the kinked shapes and self-crossing structures as observed in
nicked kDNA. In addition, when pSP73 were incubated with
different concentrations of chloroquine, the shapes of these
pSP73 remained the same (Fig. 4(b) and Fig. S1†). These obser-
vations are consistent with the suggestion that the kinked struc-
ture and self-crossing observed in Fig. 2 are associated with
intrinsic curvatures of kDNA.

It is known that ethidium bromide is a more efficient DNA-
intercalating agent than chloroquine. With the aim of confirming

Fig. 2 AFM images (1 μm × 1 μm, z range 2 nm) of closed circular
kDNA and nicked kDNA. (a) Closed circular kDNA alone. (b) Nicked
kDNA alone.

Fig. 3 AFM examination of the effect of chloroquine on the curvature
of nicked kDNA. (a) nicked kDNA; (b)–(d) mixtures of nicked kDNA
and chloroquine. For (b)–(d), 0.2 nM of nicked kDNA was incubated
with 0.4 mM, 0.8 mM and 1.2 mM chloroquine, respectively, for
30 minutes at room temperature before immobilizing sample on mica.
The dimension of the images shown are 1 μm × 1 μm, z range 3 nm.

Fig. 4 AFM examination of the effect of chloroquine on nicked pSP73
plasmid. (a) nicked pSP73; (b) mixture of nicked pSP73 with chloro-
quine. 0.2 nM of nicked pSP73 was incubated with 1.2 mM chloroquine
for 30 minutes at room temperature. The dimension of the images shown
are 1 μm × 1 μm, z range 2 nm.
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that other types of DNA intercalators could disrupt the confor-
mation of DNA curvature as well, incubation of nicked kDNA
with ethidium bromide was conducted in our studies. Nicked
kDNA was accordingly incubated with ethidium bromide and
further examined using AFM. As shown in Fig. 5(a) and 5(d),
the backbones of kDNA become more rounded in shape (aver-
aged Minimum Crossover Distance is 135.8 nm) in comparison
with the kDNA that was not treated with ethidium bromide
(averaged Minimum Crossover Distance is 72.4 nm). This indi-
cates that, similarly to chloroquine, ethidium bromide is capable
of interrupting the intrinsic curvature of kDNA as well.

The ethidium bromide concentration dependency experiments
carried out in our studies (Fig. 5) showed that the extent of the
formation of a smooth circular form of kDNA increased as the
concentration of ethidium bromide was gradually increased from
0 μM to 50 μM (see Fig. S5†). The concentration of ethidium
bromide used to achieve smooth circular kDNA was 50 μM
while the concentration of chloroquine used was 1.2 mM. The
lesser concentration of ethidium bromide needed to interrupt the
intrinsic curvature of kDNA indicated that ethidium bromide has
a higher affinity to intercalate duplex DNA than chloroquine as
reported before.7

As a control, pSP73 was also examined in our studies (Fig. 6).
It is shown in our investigations that there are no obvious
changes in the shapes of backbones of pSP73 that was incubated
with ethidium bromide (Fig. S2†).

In conclusion, it is demonstrated in our current studies that the
intrinsic curvatures of kDNA are able to manifest themselves in
their AFM images in the form of kinked and backbone self-
crossing-containing structures. On the other hand, in DNAvector

pSP73, which contains no identifiable intrinsic curvature, kinks
and self-crossings are unobservable in its duplex backbone under
our sample preparation conditions.40,41 Moreover, our studies
show that DNA intercalators such as chloroquine and ethidium
bromide can easily interrupt the intrinsic curvature of DNA at
their relatively low concentrations. Our above-mentioned obser-
vation could have some certain biological implications. Many
bacterial promoters, for instance, are intrinsically curved in order
to facilitate the binding of RNA polymerase holoenzyme to
initiate transcription.42–44 Consequently, besides its well known
role as a mutagen, ethidium bromide should be considered as an
agent that could potentially interrupt certain transcription pro-
cesses in vivo through interfering with the intrinsic DNA curva-
ture. Furthermore, since the round shapes of kDNA were
achieved by chloroquine and ethidium bromide at different con-
centrations (1.2 mM for chloroquine and 50 μM for ethidium
bromide), the method used in our current studies could in theory
be used for estimating the intercalating efficiency of new DNA-
intercalating agents.
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