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YOYO-1 is a green fluorescent dye which is widely used to image single DNA molecules in solution for biophysical studies.
However, the question of whether the intercalation of YOYO-1 affects the mechanical properties of DNA is still not clearly
answered. Investigators have put forth contradicting data on the changes in persistence length of DNA. Here, we use atomic
force microscopy to systematically study the changes in the mechanical properties of DNA due to the intercalation of YOYO-
1. We first measured the persistence length, contour length and the bending angle distribution of the DNA-YOYO-1 complex.
We find that the persistence length of DNA remains unaffected with the intercalation of YOYO-1. However the contour length
increases linearly with about 38% increase at full saturation of 1 YOYO-1 per 4 base pairs of DNA. Next we measured the change
in topology of relaxed closed circular DNA after the intercalation of YOYO-1. We find that YOYO-1 introduces supercoiling in
closed circular DNA. Our observations indicate that the intercalation of YOYO-1 results in the underwinding of DNA duplex,

but does not significantly change the persistence length.

1 Introduction

YOYO-1 (YOYO) is a green fluorescent dye which belongs to
the family of cyanine dye and is a tetracationic homodimer of
oxazole. Though YOYO is fairly non-fluorescent in solution,
it forms a highly fluorescent complex with double stranded
DNA, with more than 1000-fold increase in fluorescent in-
tensity . Since the development of YOYO by Rye et al.!, it
has been widely used to visualize DNA molecules to measure
self diffusion of DNA?3, study the hydrodynamic stretching
of DNA*? and understand DNA dynamics and conformation
in confinement®’. YOYO also enables visualizing the contour
of elongated DNA for use in genomic mapping®1°. In these
and other studies, the DNA is usually modeled as a wormlike
chain polymer - an elastic filament with a given bending rigid-
ity that is embodied in the persistence length!!.

These studies use fluorescently labeled DNA to study the
mechanical and structural properties of DNA under varying
conditions like ionic strength, binding of organic compounds
and biological agents. As YOYO-1 displays a strong fluores-
cent enhancement upon binding to DNA with increased sig-
nal to noise ratio, it enables an easy single molecule observa-
tion. YOYO binds to DNA by bis-intercalation of its two chro-
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mophore units into the DNA . The binding of YOYO to DNA
changes the effective charge of DNA. Hence it is important to
characterise whether YOYO binding changes the mechanical
and structural properties of DNA.

Since the development of YOYO by Rye et al. in 1992, a
variety of studies have been reported on the changes in persis-
tence length and contour length of DNA due to the intercala-
tion of YOYO. While there is consensus regarding the change
in contour length upon YOYO binding to DNA, the results for
changes in persistence length are conflicting. We summarize
the results below - starting with the older studies and ending
with the most recent findings.

In 1995 and 1997, Perkins et al. reported that the contour
length of DNA increased by 35% when stained with TOTO
and YOYO respectively at the saturation concentration®!%. In
1997, Quake et al. cited unpublished work, according to which
the intercalation of YOYO increased the contour length and
persistence length of DNA by 22% and 32% respectively ',
In 1998, Bakajin et al. measured a 30% increase in con-
tour length of DNA incubated with TOTO-1, an analogue of
YOYO-1. They assumed that the persistence length also in-
creased by the same factor as that of the contour length?.
These works were commonly referred to by many authors,
until recently when various single molecule studies reported
a decrease in persistence length up to 12 nm 41>, A linear
increase in contour length has also been reported by many au-
thors 1617,

In more recent studies, the most common tools used for
measuring the persistence length and contour length of DNA
are magnetic / optical tweezers and atomic force microscopy
(AFM). In 2002, atomic force microscopy studies by Berge
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Table 1 Historical comparison of prior work on the effect of YOYO-1 on DNA properties.

Year  Reference Technique Dye No. of dye/base pair  Persistence lengths® Contour length
1997  Perkins et al. 1> Hydrodynamic stretching YOYO-1 1YOYO/4bp Not measured 35% increase
1997  Quake et al. 13 Optical Tweezers YOYO-1  Not controlled 50 - 66nm (32 % increase)? 22% increase
2005  Sischka et al. 4 Optical tweezers YOYO-1 Not controlled 40- 11.8 nm (70 % decrease) 36% increase
2010 Murade et al. !’ Optical tweezers YOYO-1 Not controlled 52 -14.9 nm (71% decrease)  50% increase
2010  Gunther et al. '8 Magnetic tweezers YOYO-1 1YOYO/3.2bp constant around 52 nm 47% increase
2010 Reuter et al. ! Hydrodynamic stretching YOYO-1 1YOYO/3bp not measured 36% increase
2013  Maaloumetal.2’  Atomic force microscopy YOYO-1 1YOYO/1bp 50 - 28 nm (44 % decrease) 46% increase
2014  Shietal.?! Entropic force microscopy YOYO-1 1 YOYO/0.8bp 51- 46 nm (9 % decrease) 18% increase
2014  Present work Atomic Force Microscopy  YOYO-1 1YOYO/ 4bp constant around 57 nm 38% increase

% This column shows the persistence length of bare DNA and the YOYO stained DNA at the maximum concentration of YOYO used in each
case. The value in the parentheses show the percentage increase or decrease. ? The data is not reported and was never published.

et al. reported that the intercalation of a bis-intercalator, diter-
calinium, increased the persistence length of DNA by two fold
and the contour length by 28% that of the bare DNA %2,

Tweezing experiments were reported in the subsequent
years. In 2005, Sischka et al. showed that the persistence
length of DNA decreased by 70% from 40 to 12 nm and
the contour length increased by 36% when intercalated with
YOYO!4. In 2010, Murade et al. reported a decrease in
persistence length of DNA by about 71% from 52 to 15 nm
when incubated with 500 nM YOYO'". In tweezing ex-
periments, a single DNA molecule in the desired buffer is
stretched with a certain amount of force and the extension
of the DNA molecule is measured. However, it has been
observed that when a DNA molecule in a buffer containing
YOYO is stretched, it exhibits a large hysteresis>>. More-
over this behaviour was strongly dependent on the speed at
which the measurements are performed'®. This is due to the
fact that YOYO exhibits different binding modes depending
on the concentration of YOYO and time of incubation?*2>,
The presence of free YOYO in the buffer has been shown to
introduce time dependent changes in the mechanical proper-
ties of DNA '©. The studies mentioned above 41523 were done
in non-equilibrium conditions as the DNA was stretched in a
solution containing excess YOYO-1 molecules.

Taking into account the above mentioned limitations when
using tweezers, Gunther et al., in 2010, measured the persis-
tence length of DNA-YOYO complex using magnetic tweez-
ers under equilibrium conditions'8. In their work, back-
ground DNA molecules were introduced so as to maintain a
fixed staining ratio throughout the experiments. It was ob-
served that under any staining ratio the persistence length re-
mained unaffected and the contour length increased by 47%
at a staining ratio of 1 YOYO per 3.2 base pairs '8. In 2010,
Reuter et al. investigated the kinetics of binding, for single,
hydrodynamically-stretched DNA molecules and found that
the contour length increased by 36% at 1 YOYO per 3 base

pairs 1.

Recently, in 2013, Maaloum et al. found that the persistence
length of DNA-YOYO complex decreased by 44% from 50 to
28 nm and the contour length increased by 46% at a staining
ratio of 1 YOYO per 1 base pair?’. They used atomic force
microscopy to measure the persistence length of DNA-YOYO
complex from the mean square end to end distance and the
contour length. A more recent work also reported a decrease in
persistence length from 50 to 46 nm and an increase in contour
length to 18%2!. A historical comparison of prior work on the
effect of YOYO-1 on DNA properties is given in Tablel.

Here we use atomic force microscope to systematically
study the mechanical and the structural properties of DNA.
Atomic force microscope allows easy visualization of the
DNA-YOYO complex and is free from any artifacts related
to aggregation, folding or bridging. Our study consist of two
parts. In the first part we measure the persistence length, con-
tour length and the bending angle distribution of the DNA-
YOYO complex at different ratios of YOYO per base pair. In
the second part, we measure the change in topology of relaxed
closed circular DNA after incubating with YOYO. Eventually
we rationalize our results in terms of unwinding of DNA by
the interaction of YOYO.

2 MATERIALS AND METHODS

2.1 Sample Preparation

Monodisperse DNA fragments of 1000 base pairs and PUC 19
(2686 base pairs) was purchased from Thermoscientific (Vil-
nius, Lithuania). DNA was prepared with different concen-
trations of YOYO in a buffer containing 1X TE (10 mM Tris
base, ImM EDTA, pH 8 titrated with HCl). The concentration
of the dye was adjusted so that there is one YOYO dimer per 4,
8, 16 and 100 base pairs of DNA. The DNA-YOYO was incu-
bated at 55°C for 2 hours for homogenous distribution of the
dye along the DNA. 20 u! of the sample was then deposited
on a freshly cleaved SPI Grade V-4 mica and incubated for 30
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Fig. 1 (A)PUC19 DNA (2686 base pairs) equilibrated on the
surface of mica in the presence of Mg?t (B) PUC 19 DNA
kinetically trapped on the surface of polylysine treated mica.

min. This is then washed with DI water and blown dry us-
ing nitrogen gas. For imaging of bare DNA, 5SmM MgCl, was
used. This method allows the DNA molecules to equilibrate
on the surface by diffusion. The interaction between DNA and
mica mediated by Mg>* is weak, so that the chain statistics is
not affected. It has been shown previously that DNA deposited
in this way equilibrates in a 2D conformation?®2°. For imag-
ing DNA intercalated with YOYO, the sample was deposited
on mica without MgCl,. YOYO being cationic facilitated the
binding of the DNA-YOYO complex to mica. Here we as-
sume that the binding of DNA-YOYO complex to the mica is
2D equilibrated due to the following reasons. (i) The size of
the YOYO stained DNA molecules are similar to the 2D equi-
librated DNA in the presence of Mg>t as shown in panel A
of Figure 1. On the other hand, the kinetically trapped DNA
molecules appear much smaller in size as shown in panel B
of Figure 1. The difference in size comes from considering a
polymer equilibrated in 2D versus the projected image of a 3D
polymer into a 2D surface. Rivetti et al. has shown that for a
long DNA chain, the projection of the 3D image onto the 2D
plane gives a mean-squared end-to-end size, (R?) proj» Which
is 1/3 the value of the size of DNA equilibrated 2D, (R?),p 6.
This difference in size can be used to distinguish between the
2D equilibrated and kinetically trapped DNA. (ii) We do not
see any overlapping of the molecules as would be observed in
the case of kinetically trapped molecules.

2.2 Atomic force microscopy

The imaging was done at room temperature in air with a
Nanowizard II atomic force microscope (JPK Instruments,
Berlin, Germany). Images were acquired in the tapping mode
with Nanosensor silicon (Si) cantilevers (spring constant of
10-130 N/m) and operated below their resonance frequency
(typically 200-500 kHz).
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Fig. 2 Representative AFM images (left panel) of 1000 base pairs
DNA molecules and their contours (right panel) when incubated
with different ratios of YOYO to base pairs. (A) Bare DNA (B)
1YOYO per 100 base pairs (C) 1 YOYO per 16 base pairs (D) 1
YOYO per 8 base pairs (E) 1 YOYO per 4 base pairs.

2.3 Data analysis

There are two ways to determine the persistence length of a
polymer: (i) from the bending angle or (ii) from the end to
end distance of the DNA molecule. For both cases, the first
step is to obtain the centerline of the DNA molecules. This
was done by moving along the DNA molecules in a small step
size of half the cross sectional diameter and locating the point
with maximum height. For a DNA molecule equilibrated in 2
dimensions, the energy needed to bend a segment of length, L
through angle 0 is given by

1 L
E= EkBT (LP) 6> (1)

where L, is the peristence length. The normalised probability
distribution of the bending angle, 0 is given by,
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Fig. 3 The correlation function {cos6; 511 ) versus separation, L for DNA with (A) no YOYO (B) 1 YOYO per 100 base pairs (C) 1 YOYO per
16 base pairs (D) 1 YOYO per 8 base pairs (E) 1 YOYO per 4 base pairs. The filled circles are the experimental data obtained by averaging 30

molecules. The line is the fit to the experimental data using equation 3.
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Fig. 4 The mean square end to end distance versus the separation, L. for DNA with (A) no YOYO (B) 1 YOYO per 100 base pairs (C) 1
YOYO per 16 base pairs (D) 1 YOYO per 8 base pairs (E) 1 YOYO per 4 base pairs. The filled circles are the experimental data obtained by
averaging 30 molecules. The line is the fit to the experimental data using equation 4.

—L
P(6)2p =g 'exp (ZL”GZ) )

where ¢ is a normalization constant. From the probability dis-
tribution of bending angles, one can derive the tangent-tangent
correlation, (cos 6, s+r) which can be written as:

(cos 65,541)20 = exp(—L/2L,) 3)
where, 0 is the angle between tangent vectors at points s and
s+ L along the contour. The inverse of the exponential decay
constant gives the persistence length, L, of the polymer.

We can also find the mean-squared end-to-end distance by
taking the integral of the tangent-tangent correlation function
and it is written as follows:

2Ly (1 — eETL;)
L,
where L. is the contour length of the polymer. The above

equations assume that excluded volume interactions (segment-
segment interactions of the DNA) are negligible. We also note

(R*)op = 4L,L, [1 - “4)

that in the case of kinetically trapped DNA molecules, the
above equations need to be modified taking into consideration
the 3D conformation and its projection on the surface 2639

3 RESULTS

3.1 Persistence length

We first determined the persistence length of bare DNA. For
this purpose, a DNA concentration of 1.37 mg/l in 5 mM
MgCl, and an incubation time of 5 min was used for acquiring
the images. Here we used short DNA fragments of 1000 base
pairs. DNA molecules of this size allows easy visualisation
of structural changes in DNA with minimal effect due to ag-
gregation and folding. Moreover, DNA molecules of size less
than 1000 nm are shown to be unaffected by excluded volume
interactions % and hence consistent with the use of equations
(1-4). For DNA-YOYO complex, a concentration of 2.1 mg/
1 and an incubated time of 30 min was used. Figure 2 show
the representative images of bare DNA and the DNA-YOYO
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Fig. 5 Persistence length of DNA-YOYO complex remains constant
with an average value around 57 nm (solid line) irrespective of the
YOYO concentration. The circles are the persistence length obtained
from the average tangent autocorrelation function of 30 molecules
and the triangles are the data obtained from the average mean
squared end-to-end distance versus the separation of 30 molecules.

complex and also their corresponding contours.

From the DNA contours, the tangent autocorrelation func-
tion, (cos6ss4+1) versus the separation, L, was plotted. The
curve thus obtained was fitted with equation 3, from which
the persistence length was obtained (Figure 3). We obtained
a persistence length of 56 nm for bare DNA which is in good
agreement with previously reported values>’->°.

We then measured the persistence length of DNA-YOYO
complex at various YOYO per base pair concentrations. We
find that the persistence length of DNA-YOYO complex does
not deviate much from that of bare DNA and stays within the
error limits with an average value of 57 nm. We also mea-
sured the mean-squared separation, ((Ry ;1)) between pairs
of points located at s and s+ L and averaging for all values of s
along the contour. Figure 4 shows the plot of the mean-square
end-to-end distance versus the separation, L for the same con-
ditions as in Figure 3. The closed circles are the experimental
data. This curve is fitted with equation 4, from which the per-
sistence length is obtained. The persistence length obtained
from the two methods are in good agreement ( Figure 5).

3.2 Bending angle distribution

One might expect the persistence length of the DNA-YOYO
complex to be reduced due to the charge neutralization of
DNA by YOYO. However, persistence length is the bending
rigidity of DNA which is derived from the bending angle dis-
tribution of DNA. The persistence length from Figure 3 and 4
is obtained by averaging the bending rigidity along the contour
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Fig. 6 Probability distribution of the DNA bending angle for angle
0 between tangents separated by the contour length of 20 nm for
bare DNA (star), 1 YOYO per 100 base pairs (triangle), 1 YOYO per
16 base pairs (square), 1 YOYO per 8 base pairs (diamond), 1
YOYO per 4 base pairs (circle). The line is the wormlike chain
prediction with the predetermined persistence length of 56 nm in the
case of bare DNA.

of the DNA molecules. YOYO binding could cause structural
changes in DNA which could lead to the local changes in the
bending rigidity. The observed persistence length could be the
result of larger bending angles due to kinks counterbalancing
the smaller bending angle due to stiffening. This could lead to
the overall persistence length being unaffected. To investigate
this, we plotted the probability distribution of the bending an-
gles obtained from all the molecules in case of bare DNA and
DNA-YOYO complex. Figure 6 shows the probability distri-
bution of the bending angles for angle, 8 between the tangents
separated by a contour length of 20 nm. This length scale was
used as it has been shown earlier that the DNA is well de-
scribed by the wormlike chain model for length scales more
than three helical turns of DNA (10.5 nm)3!. Here we have
used 20 nm to accommodate for any extension of the helical
turns resulting from the YOYO intercalation. We find that the
probability distribution of the bending angle is unaffected by
the intercalation of YOYO and fits the curve which describes
the wormlike chain model. Thus we conclude that the per-
sistence length of DNA-YOYO complex is unaffected by the
intercalation of YOYO.

3.3 Contour length

Next, we measured the contour length of the stained DNA.
From the AFM images, we find that the contour length of bare
DNA is 328 + 8 nm. With the staining ratio of 1 YOYO per
100 base pairs, there is almost no change in contour length.
However, the contour length of the DNA-YOYO complex in-
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Fig. 7 Contour length of DNA-YOYO complex increases linearly
with increase in staining ratio. The circles represent the average
contour length of DNA-YOYO complex averaged over 30
molecules. The data points correspond to the DNA-YOYO ratios
mentioned in Figure 2. The error bars are the standard deviations
and the line is a linear fit to the data points.

creases linearly with increase in staining ratio as shown in Fig-
ure 7. At a staining ratio of 1 YOYO per 4 base pairs, the
contour length of DNA increases by 38% from 328+ 8 nm
to 453+ 17 nm. From these values, we find that each bound
YOYO extends the DNA molecule by 0.5 nm.

3.4 YOYO changes the helical twist of DNA

We find that YOYO increases the contour length of DNA-
YOYO complex without affecting the persistence length. We
propose that this elongation of DNA-YOYO complex is due
to the under twisting of DNA. YOYO induced under twist-
ing of DNA has been reported earlier, however there has not
been a direct evidence for this process. Earlier NMR stud-
ies have shown that YOYO under twists the DNA by 106° 32,
Magnetic tweezers experiments have shown that, a torsionally
constrained DNA-YOYO complex becomes negatively super-
coiled when destained. The authors measured an untwisting
of 24° per YOYO molecule 3.

In order to investigate the supercoiling of DNA by the inter-
calation of YOYO, we used relaxed closed circular DNA. For
this purpose, PUC 19 DNA was treated with Topo 1 which re-
laxes both the left and and the right handed supercoiling. Topo
1 is a class of DNA topoisomerase that cuts a single strand of
the DNA helix and allows the complimentary strand to pass
through the nick and reseals the nick, thereby reducing the
linking number and relaxing the DNA 33, The closed circular
DNA thus obtained was then incubated with YOYO in the ra-
tio 1 YOYO per 100 bp and 1 YOYO per 4 base pair at 55° C

for 2 hours. Panel A of Figure 8 shows the relaxed closed cir-
cular PUC19 DNA. When incubated with 1 YOYO per 100 bp,
we find that there is no change in the topology of DNA (panel
B of Figure 8). However the DNA topology is fundamentally
different when incubated with 1 YOYO per 4 base pairs as
shown in panel C of Figure 8. We find that the majority of
the DNA population is plectonemically supercoiled. Less that
5% of the DNA is not supercoiled as the presence of nicks in
one of the strands in DNA helix prevents the DNA from super-
coiling. Some of the molecules appear compacted due to the
increased helical twist in the DNA. We measure the length of
the superhelical axis of the discernible plectonemes and found
that the ratio of the average length of the superhelical axis of
the plectonemes and the contour length of the circular DNA
is 0.42 which is in agreement with the value reported in the
literature **. Our observations show that the YOYO induced
supercoiling in the relaxed closed circular DNA is due to the
under twisting of DNA by the intercalated YOYO.

4 Discussion

Here we used atomic force microscopy to study the mechani-
cal and structural properties of the DNA-YOYO complex. We
find that the persistence length of the DNA-YOYO complex
does not deviate from that of the bare DNA for YOYO con-
centrations ranging from very low staining ratio of 1 YOYO
per 100 base pairs to the saturation level of 1 YOYO per 4
base pairs. It should be noted that our methodology is able
to measure an increase or decrease in persistence length pre-
cisely as reported in our previous work?®. Our results are
at odds with most of the previously reported results 14151921
which showed that the persistence length of DNA decreases
with increasing concentration of YOYO. Our results do how-
ever agree with the recent study by Gunther et al.'®. These
discrepancies in the literature can be due to the following rea-
sons. (i) Most of the single molecule experiments were not
done at equilibrium conditions. Single molecules experiments
are usually done by stretching a single DNA molecule in a
buffer containing excess of YOYO. This would mean that the
stretching of DNA molecules would result in the association
and dissociation of the YOYO-1 and hence affect the persis-
tence length. This issue was taken into consideration by Gun-
ther et al. who designed their experiments such that the num-
ber of YOYO per base pair remains fixed'®. (ii) YOYO bind-
ing has been shown to depend on the amount of force applied
and the stretching speed '°.

Using atomic force microcopy, we are able to visualize the
molecules under equilibrium conditions and unperturbed by
external force. However our results on persistence length do
not agree with the previous atomic force microscopy results 2
due to the following reasons. The prior authors determined
the persistence length from the end-to-end distance and the
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Fig. 8 (A) PUC19 plasmid DNA relaxed using Topo 1 is mostly circular. (B) PUC 19 DNA when incubated with YOYO at a concentration of
1 YOYO per 100 base pairs does not affect the topology of DNA. (C) PUC 19 DNA when incubated with YOYO at a concentration of 1

YOYO per 4 base pairs becomes supercoiled.

contour length of DNA?C. They used polydispersed DNA
molecules with sizes ranging from about 200 to 1500 nm.
However it has been shown that for DNA molecules equili-
brated in 2D, the excluded volume effects significantly alters
the chain dimensions of DNA molecules with contour length
more than 20 times the persistence length. Taking these fac-
tors into consideration, we have plotted the tangent auto cor-
relation function and the mean square end-to-end distance for
short length scales of 4-100 nm. We have used monodisperse
DNA molecules of 1000 bp (340 nm) to avoid any effects
due to the excluded volume interactions and other artifacts. It
should be noted that our results in air well represent the results
in solution due to our sample preparation methods. Zuccheri
et al. > has shown earlier that while imaging DNA in solution,
the DNA is slight mobile on the mica surface in the presence
of buffer. However when deionized water is injected to replace
the buffer, the DNA molecules freezes in the same conforma-
tion as they had been immediately before the injection of wa-
ter®. In our sample preparation we freeze the conformation
with deionized water before drying the sample. This enables
us to capture the conformation of DNA in the desired buffer
conditions.

Another important factor that affects the binding of YOYO
to DNA is the time and temperature of incubation. We find
that for the equilibrium distribution of YOYO along the DNA
molecules, the sample has to be incubated at 55°C for at least
2 hours. Previous electrophoresis studies have also shown this
as a necessary condition for equilibration of the DNA-YOYO
complex . Most of the previously reported experiments were
performed with samples incubated at room temperature.

Another factor which may be the cause of the inconsistency
in the reported values of persistence length and contour length
is the ionic strength. Firstly, the persistence length of DNA

has been shown to be dependent on the ionic strength. At ionic
strength more than 7.44 mM, the persistence length of DNA
remains constant between 50 to 60 nm>¢. The ionic strength
of 1 X TE (10 mM Tris base, ImM EDTA, pH 8 titrated with
HCI) is about 8.4 mM. At this ionic strength we measured the
persistence length of DNA to be 56 nm. This agrees well with
the previously reported values>’*®. The binding of YOYO
has also been shown to be dependent on the ionic strength. It
has been shown by Gunther et al. that the binding of YOYO
is stable at ionic strengths less than 100 mM '3, The choice
of our buffer conditions was made to ensure that it is high
enough to provide a stable condition for bare DNA and at the
same time low enough for the stable binding of YOYO.

The contour length measurements show that the length of
DNA increases by 38% at the maximum staining ratio of 1
YOYO per 4 base pairs. Thus each bound YOYO extends the
DNA molecule by 0.5 nm which is in agreement with previ-
ously reported results '®. The measurement of the persistence
length and the contour length of DNA shows that the interca-
lation of YOYO changes the contour length of DNA without
affecting the persistence length. However one would expect
the persistence length of DNA-YOYO complex to be reduced
due to the charge neutralisation of DNA by YOYO. The bend-
ing angle distribution shows that the intercalation of YOYO
does not introduce local changes in the bending angles along
the DNA helix. The linear increase in contour length of DNA
with increasing concentration of YOYO should be due to the
underwinding of the DNA helix. In the case of closed circular
DNA, such a change in helical twist should result in a change
in the linking number deficit and hence the superhelical den-
sity. Hence the relaxed closed circular DNA should become
supercoiled with the change in the helical twist*. Our exper-
iments on closed circular DNA intercalated with YOYO have
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confirmed the fact YOYO changes the helical twist of DNA
and hence leading to the supercoiling of DNA.

5 Conclusion

AFM is an effective tool which can be used to determine the
mechanical and structural properties of DNA. Given the fact
that AFM allows the measurement of persistence length and
contour length of 2D equilibrated DNA under zero force, it is
complementary to other methods such as magnetic and opti-
cal tweezers. Here we have used atomic force microscopy to
measure the persistence length and the contour length of DNA
and YOYO intercalated DNA by carefully considering the ex-
perimental factors that affect these measurements. Taking into
consideration the experimental factors such as incubation time
and temperature for equilibrium distribution of the YOYO on
DNA, the ionic strength of the buffer and using short DNA
fragments of DNA, we find that the our results agree with
those reported by Gunther et al. Moreover, we have confirmed
a possible mechanism due to which the mechanical and struc-
tural properties of DNA is affected when stained with YOYO.
We have shown that YOYO binding leads to under winding
of DNA which leads to the change in topology in the case of
closed circular DNA.
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