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Abstract
In this work, we use force spectroscopy to investigate the interaction between the
DAPI fluorescent dye and the k-DNA molecule under high (174 mM) and low
(34 mM) ionic strengths. Firstly, we have measured the changes on the mechanical
properties (persistence and contour lengths) of the DNA-DAPI complexes as a func-
tion of the dye concentration in the sample. Then, we use recently developed models
in order to connect the behavior of both mechanical properties to the physical chem-
istry of the interaction. Such analysis has allowed us to identify and to decouple two
main binding modes, determining the relevant physicochemical (binding) parameters
for each of these modes: minor groove binding, which saturates at very low DAPI
concentrations (CT � 0.50 lM) and presents equilibrium binding constants of the
order of �107 M21 for the two ionic strengths studied; and intercalation, which starts
to play a significant role only after the saturation of the first mode, presenting much
smaller equilibrium binding constants (�105 M21).
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1 | INTRODUCTION

DNA fluorescent dyes are molecules that bind along the biopol-
ymer allowing its visualization in experimental techniques such
as fluorescence microscopy and gel electrophoresis. Important
examples are the compounds from the Hoechst family, YO,
YOYO, ethidium bromide, and DAPI. These molecules present
a variety of different binding modes when interacting to DNA.
Ethidium bromide, for example, is a classic intercalator.[1,2] The
Hoechst compounds are mostly known as minor groove bind-
ers,[3,4] although intercalation can also occur at low dye concen-
trations.[5] YO and YOYO, however, present both major
groove binding and intercalation.[6–8] Although the general
aspects of the interactions between these compounds and the
DNA molecule are well understood, many peculiarities remain
unknown and are subject of recent research.[2,5,8,9] Characteriz-
ing in detail the physical chemistry of such interactions, as well
as the dye effects on the DNA mechanics is a fundamental issue
for optimizing the use of these compounds in various types of
experiments. In addition, such understanding can also provide
key insights to the development of more efficient dyes.

DAPI (40,6-diamidino-2-phenylindole; Figure 1) is a
synthetic dye much used to visualize living cells as well as
single DNA molecules in fluorescence microscopy. Previous
works have found that the molecule binds preferentially to
the DNA minor groove in AT-rich regions, but can exhibit
different binding modes depending on the DNA sequence
and/or on the buffer conditions, including intercalation at
CG-rich regions.[10–15] Nevertheless, some important ques-
tions remain unknown, for example: (a) Are the different
binding modes coupled or independent? (b) How the ionic
strength of the surrounding buffer affects the binding mecha-
nism(s) and the physicochemical (binding) parameters of the
interaction? (c) How the mechanical properties of the DNA-
DAPI complexes vary as a function of the dye concentration
and how the ionic strength affects such properties?

In this work, we use force spectroscopy in order to inves-
tigate the interaction between the DAPI dye and the k-DNA
molecule under high (174 mM) and low (34 mM) ionic
strengths, to characterize in detail the binding mechanisms
and to answer the above questions. Firstly, we have measured
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the changes on the persistence and contour lengths of the
DNA-DAPI complexes as the dye concentration in the sam-
ple increases. Then, we use recently developed models in
order to connect the behavior of both mechanical properties
to the physical chemistry of the interaction.[16,17] Such analy-
sis has allowed us to identify and to decouple two main bind-
ing modes, determining the relevant binding parameters for
each of these modes in each ionic strength and thus, answer-
ing the above questions.

2 | MATERIALS AND METHODS

Our samples consist of k-DNA molecules (New England
Biolabs) end-labeled with biotin in a Phosphate Buffered
Saline (PBS) solution. The measurements were performed in
two different ionic strengths (I15 174 mM and I25 34 mM),
to investigate the role of this parameter on the DAPI interac-
tion with k-DNA. The composition of the two PBS buffers
are the following. (1) PBS 174 mM: 4.375 mM of Na2HPO4,
1.25 mM of NaH2PO4 and 140 mM of NaCl; total ionic
strength I15 174 mM. (2) PBS 34 mM: 4.375 mM of
Na2HPO4 and 1.25 mM of NaH2PO4 (no NaCl); total ionic
strength I25 34 mM. The sample chamber consists of an o-
ring glued in the surface of a glass coverslip, where the
working solution is deposited. One end of the DNA mole-
cules is attached to the coverslip surface, which is coated
with streptavidin,[18] while the other end is attached to a
streptavidin-coated polystyrene bead with a diameter of 3
lm (Bangs Labs). DAPI was purchased from Sigma-Aldrich
(Cat. D9542) and used without further purification.

Our optical tweezers consist of a 1064 nm ytterbium-
doped fiber laser (IPG Photonics) operating in the TEM00

mode, mounted on a Nikon Ti-S inverted microscope with a
1003 NA 1.4 objective. The tweezers is previously cali-
brated by using the Stokes force calibration procedure before
the experiments. Once calibrated, the apparatus is used to
trap the polystyrene bead attached to a DNA molecule. By
moving the microscope stage using a piezoelectric actuator,
we stretch the DNA while monitoring the changes of the
bead position in the tweezers’ potential well, using videomi-
croscopy. To guarantee that the chemical equilibrium of the
complexes will not be much disturbed by the molecule

manipulation, we limit the maximum stretching forces to �2
pN, working therefore within the entropic regime. The
Marko-Siggia worm-like chain (WLC)[19] expression for the
entropic force is then used to fit the experimental data and to
extract the basic mechanical parameters: the persistence
length A and the contour length L.

Before adding the dye, the particular bare DNA molecule
chosen to perform the experiments is carefully tested by per-
forming at least 6 repeated stretching measurements in order
to obtain the average values and the error bars (standard error
of the mean) of the mechanical properties. The results
obtained are A05 (46.66 2.5) nm and L05 (16.76 0.4) lm
in PBS 174 mM; and A05 (46.06 0.9) nm and
L05 (16.56 0.3) lm in PBS 34 mM. DAPI is then intro-
duced in the sample chamber by using micropipettes, main-
taining the same DNA molecule tethered by the tweezers.
We wait �30 min before performing the subsequent meas-
urements. We have found that this time interval is sufficient
for the DNA-DAPI complexes to achieve the chemical equi-
librium, verifying that both mechanical properties stabilize at
their equilibrium values after such time. Thus, we determine
the average mechanical properties and the error bars of this
particular k-DNA-DAPI complex at the chosen dye concen-
tration, by performing six repeated stretching experiments.
Then, the series of stretching experiments were repeated
scanning various DAPI concentrations. Finally, to evaluate
the variability of the results over different DNA molecules,
we use different samples to repeat the entire experiment
(scanning all the chosen concentrations) for six different
DNA molecules. The results and error bars reported below in
Figures 4 and 6 for the mechanical properties are averages
over these six different DNA molecules. All experiments

FIGURE 1 Chemical structure of the DAPI (40,6-diamidino-
2-phenylindole) dye

FIGURE 2 Representative force-extension curves obtained
with our methodology in the PBS 174mMbuffer, for different
DAPI concentrations. TheWLC fittings are also shown (solid
lines)
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were carried out at room temperature (238C). More details
about the experimental methods and procedures can be found
in ref. [20].

3 | RESULTS AND DISCUSSION

3.1 | A force-extension data

In Figure 2, we show representative force-extension curves
obtained with our methodology in the PBS 174 mM buffer,
for various DAPI concentrations. The WLC fittings are also
shown (solid lines). Observe that the data dispersion due to the
Brownian fluctuations of the tethered bead is small, and the
WLC fittings are accurate, returning the mechanical parameters
(persistence and contour lengths) with a very good precision.
In Figure 3, we show similar data obtained in the PBS 34 mM
buffer.

Complete details on the procedure used to obtain the
force-extension curves and the WLC fittings can be found in
our ref. [20].

3.2 | The persistence length presents a simple monotonic
decrease as DAPI binds to DNA

In Figure 4, we show the persistence length (A) of the DNA-
DAPI complexes as a function of the DAPI total concentra-
tion in the sample (CT), obtained in the PBS 174 mM (black
circles) as well as in the PBS 34 mM buffer (red squares).
Observe that in both cases the persistence length presents a
simple monotonic decrease as a function of the DAPI con-
centration. A similar behavior was previously reported by
other authors in experiments, which use other types of DNA

and different experimental techniques such as atomic force
microscopy and fluorescence microscopy.[9,15,21,22] Such
result strongly suggests that groove binding is the main
mode of interaction between DAPI and k-DNA, a conclusion
also achieved by these cited works. In fact, recently we have
shown that intercalation in general increases the DNA per-
sistence length when measured in the force regime< 2
pN.[2,20] Such result was also obtained by authors that use
non-stretching (zero force) techniques,[21,23–28] although
experiments performed in a higher force regime can lead to
different results.[29,30]

DAPI is a divalent cationic (21) molecule[9] (see Figure
1), and therefore neutralizes significantly the negative phos-
phate backbone of the double-helix. The decrease observed
here for the persistence length is surely related to the screen-
ing of the negative charges, which reduces the segment-
segment repulsion along the contour of the DNA molecule.
Therefore, there is an increase on the average number of
bending fluctuations, corresponding to a decrease on the
WLC persistence length. In fact, by using atomic force
microscopy, Japaridze et al. have visualized an increase in
the average number of effective bendings of a 1.4 kbp DNA
as the DAPI concentration increases in the sample. Recently,
Wang et al. have also reported a decrease on the persistence
length of k-DNA fragments as the DAPI concentration
increases in the sample.[22]

FIGURE 3 Representative force-extension curves obtained
with our methodology in the PBS 34mMbuffer, for different
DAPI concentrations. TheWLC fittings are also shown (solid
lines)

FIGURE 4 Persistence length (A) of the DNA-DAPI
complexes as a function of the DAPI total concentration in the
sample (CT), obtained in the PBS 174 mM (black circles) as
well as in the PBS 34mMbuffer (red squares). Observe that the
persistence length presents a simple monotonic decrease as a
function of the DAPI concentration. Fittings to the model dis-
cussed in Section “The physical chemistry of the DNA-DAPI
interaction can be deduced from themechanical measurements”
are also shown (dashed lines)
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The ionic strength has a significant effect on the persist-
ence length behavior, as expected due to the cationic nature
of the DAPI dye. Observe in fact that both curves shown in
Figure 4 start from very close values (A0� 46 nm) obtained
for the bare DNA molecule in these buffers, and saturate at
�31 nm in PBS 174 mM and at � 27 nm in PBS 34 mM.
These results show that: (a) the difference in the two ionic
strengths used here do not affect the bare DNA persistence
length, a result also verified by other authors[31]; and (b)
when DAPI binds to DNA, the electrostatic character of the
interaction is evidenced for lower ionic strengths, which is
accompanied by higher changes on the mechanical properties
of the DNA-dye complexes.[20,32]

To advance in the above discussion, in Figure 5 we show
the behavior of the persistence length obtained at saturation
(Asat) normalized by the bare DNA persistence length (A0) as
a function of the Debye length, the characteristic length in a
electrolyte solution that measures how far the net electro-
static effects persist. Such parameter can be estimated
directly from the ionic strength I of the electrolyte solution
by the approximate formula 0.304/

ffiffi
I

p
, which gives the

Debye length in nanometers if the ionic strength is expressed
in molar units. We have also included in the figure the results
obtained from the data of Japaridze et al.[9] and Wang
et al.,[22] which have used ionic strengths different from the
two ones used in this work.

Observe that the persistence length obtained at saturation
decreases strongly as a function of the Debye length, evi-
dencing the important role of the electrostatic effects in the
DNA-DAPI interaction. Basically, when one increases the
ionic strength of the buffer, the Debye length decreases and

the persistence length presents small changes relative to the
bare DNA value. In other words, Figure 5 explicitly shows
that electrostatic modulates the persistence length behavior,
as anticipated two paragraphs above. This result explains the
different values of the persistence length measured in the
three works compared in Figure 5.

3.3 | The contour length presents an unusual
nonmonotonic behavior

In Figure 6, we show the contour length of the same DNA-
DAPI complexes, normalized by the value obtained for the
bare DNA (L/L0), as a function of CT. Observe that this
mechanical property presents an unusual nonmonotonic behav-
ior: firstly, it presents a slight decrease for very small DAPI
concentrations, then increasing for higher concentrations. Such
behavior suggests that two different binding modes occur in the
interaction between DAPI and k-DNA under our experimental
conditions. This first binding mode is dominant for low DAPI
concentrations (CT� 0.50 lM) and is responsible for the slight
decrease of the contour length verified in this concentration
range. The second binding mode, otherwise, starts to play a
role for CT� 0.50 lM and is responsible for the increase of the
contour length verified for this concentration range.

Many works have concluded that DAPI binds preferen-
tially to the DNA minor groove in AT-rich regions.[10,11,14]

Therefore, we propose that the first binding mode observed
here for CT� 0.50 lM is minor groove binding at the AT-
rich regions of the k-DNA molecule. The slight decrease of
the contour length observed at this concentration range is

FIGURE 5 Persistence length obtained at saturation (Asat)
normalized by the bare DNApersistence length (A0) as a function
of the Debye length. The strong decrease ofAsat evidences the
important role of the electrostatic effects in the DNA-DAPI
interaction

FIGURE 6 Contour length of the sameDNA-DAPI com-
plexes, normalized by the value obtained for the bare DNA (L/
L0), as a function ofCT. Observe that this mechanical property
presents an unusual nonmonotonic behavior: firstly, it presents
a slight decrease for very low DAPI concentrations, then
increasing for higher concentrations
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related to the charge of DAPI molecule. In fact, although
divalent cationic molecules are not capable to induce DNA
condensation, sometimes they can induce a decrease on the
apparent contour length by increasing the number of effec-
tive bendings along the double-helix structure.[17,33]

However, the increase of the contour length observed for
CT� 0.50 lM is probably related to intercalative binding.
Such binding mode was reported in the literature when
DAPI is interacting with CG-rich DNAs,[10,11] or when the
dye concentration is high.[14,15] Observe that the increase of
the contour length is higher in the PBS 34 mM buffer,
evidencing again the role of the ionic strength on the DNA-
DAPI interaction.

Japaridze et al. have also found a non-monotonic behav-
ior for the contour length of their DNA-DAPI complexes,
although the changes are much smaller (<5%) than those
reported here and are within the error bars reported by the
authors.[9] Such difference may be related mainly to two
facts: (a) the authors use a different type of DNA with only
1.4 kbp, and it is well established that the DNA-DAPI inter-
action depends on the base-pair sequence[10,11,13,14]; and (b)
the authors’ buffer has divalent cations (Mg21), which cer-
tainly influences the DNA-DAPI interaction due to the rele-
vant electrostatic component of the interaction, as discussed
previously. Wang et al.,[22] however, have found a constant
contour length as DAPI binds to their k-DNA fragments.
Here, the discrepancy from our results may be mainly due to
the fact that they use higher ionic strengths, which weakens
the DNA-DAPI interaction, as discussed. The fact that these
authors have found a very small change on the persistence
length (see Figure 5) supports such conclusion.

Returning to our data, a qualitative analysis of the two
mechanical properties suggests the following scenario for the
interaction of DAPI with k-DNA. The main binding mode is
minor groove binding, which occurs and probably saturates
for very low dye concentrations (CT� 0.50 lM). Such bind-
ing mode induces a decrease on both the persistence and
contour lengths, an effect related to the screening of the
phosphate backbone as well as to the intrinsic changes on
the DNA conformation to accommodate the bound dye mol-
ecules at the minor groove sites. A second binding mode
(intercalation) starts to play a significant role for CT� 0.50
lM, increasing the DNA contour length. Such mode does
not cause any significant change on the persistence length in
this case, probably because the first mode (minor groove
binding) is dominant to determine the flexibility of the com-
plexes formed. The ionic strength of the surrounding buffer
significantly affects the behavior of the mechanical proper-
ties. In fact, at saturation the persistence length decreases
�33.5% in PBS 174 mM and �41.3% in PBS 34 mM. The
contour length, otherwise, saturates increasing �11% in PBS
174 mM and �18% in PBS 34 mM.

3.4 | The physical chemistry of the DNA-DAPI
interaction can be deduced from the mechanical
measurements

To advance beyond the qualitative discussion drawn above,
here we use recently developed models in order to connect
the behavior of the mechanical properties to the physical
chemistry of the interaction. As we will show in the follow-
ing sections, such approach applied here to the DNA-DAPI
interaction has allowed us to: (a) extract the physicochemical
(binding) parameters of the interaction in both buffers; (b)
determine the changes of these parameters due to the varia-
tion of the ionic strength; and (c) decouple the two different
binding modes.

3.5 | Persistence length data can be used to extract the
effective global binding parameters

The persistence length data shown in Figure 4 can be used to
deduce the effective global binding parameters of the DNA-
DAPI interaction. In fact, it was recently shown that a mono-
tonic decrease of such mechanical parameter can be modeled
with the equation[17]

1
A
5

12Nr
A0

1
Nr
A1

; (1)

where A0 is the bare DNA persistence length, A1 is the local
persistence length due to the binding of a single ligand mole-
cule (or a single bound cluster of molecules if they form
aggregates), r is the bound site fraction (fraction of bound
DNA base-pairs), and N is the exclusion parameter, the aver-
age number of DNA base-pairs in which one finds a single
bound ligand molecule. The exclusion parameter N is related
to the saturation value of the bound site fraction (rmax) by
N5 1/rmax.

[17]

Equation 1 can be linked to a binding isotherm via the
parameter r. A very useful isotherm to study DNA interac-
tions with small ligands is the classic McGhee-von Hippel
neighbor exclusion model (NEM),[17,34] which reads

r
Cf

5Kð12NrÞ 12Nr
12ðN21Þr

� �N21

; (2)

where K is the equilibrium binding association constant, and
Cf is the free ligand concentration in solution, which is
related to the total ligand concentration CT by Cf5CT2Cb,
where Cb is the bound ligand concentration. Note that
r5Cb/Cbp, where Cbp is the DNA base-pair concentration in
solution.

Here, we have used the NEM binding isotherm plugged
into Equation 1 to fit the persistence length data (dashed lines
in Figure 4). Observe that we use a single binding isotherm,
with a single set of binding parameters, to perform the fitting.
This approach has allowed us to the extract the effective
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global binding parameters of the interaction, that is, the
parameters considering a single effective binding mode, with
a single binding constant. At first sight, this is not the most
realist scenario for the present interaction, since minor
groove binding and intercalation are both probably present
here. Nevertheless, the persistence length data shown in Fig-
ure 4 cannot be used to decouple different binding modes,
because a model containing two sets of binding parameters
will have an excess of adjustable parameters to fit a very
simple curve (monotonic decay). Such a fitting returns results
with very high error bars, invalidating any conclusion. Thus,
the only suitable option here is try to find the effective global
binding parameters of the interaction.[17] The technical
details of our fitting procedure were previously described.[17]

The parameters obtained from the fittings are shown in
Table 1. The parameters A0 (the persistence length of bare
DNA) and A1 (the saturation value) were maintained fixed in
the fitting since they were easily determined from the experi-
mental data of Figure 4, thus reducing the number of adjustable
parameters.

These results allow us to draw some important conclu-
sions. Firstly, the fact that the classic McGhee-von Hippel iso-
therm (Equation 2) has fitted the experimental data shows that
the DNA-DAPI interaction is non-cooperative, at least under
our experimental conditions. In fact, Equation 2 works well
only for noncooperative DNA-ligand binding reactions, and a
more intricate version of the model is needed to take coopera-
tive effects into account.[34] This result was also checked by
fitting our experimental data with the Hill binding isotherm
(data not shown), the simplest binding model which takes
cooperativity into account.[17] From these fittings we have
found Hill exponents very close to 1 for both ionic strengths,
showing that this interaction is really noncooperative.[17]

Secondly, the values found for the equilibrium binding
constant (�107 M21) and for the exclusion parameter (�4)
in both ionic strengths are compatible with a minor groove
binding mechanism.[10,11,13,35] In fact, the equilibrium bind-
ing constants determined here are in agreement with other
investigations that have measured a minor groove binding of
DAPI to the DNA molecule.[10,13,35] The result N� 4 is also
in very good agreement with x-ray diffraction measurements
that have elucidated the structure of DAPI bound to the
DNA minor groove.[36,37] Intercalative binding, on the other
hand, usually have smaller values for these parameters, with
binding constants typically on the order of �105 M21 and
exclusion parameters between 2 and 3.[13,38,39]

3.6 | Contour length data can be used to decouple the
intercalative binding mode

As mentioned in Section “The contour length presents an
unusual nonmonotonic behavior,” intercalation starts to play
a significant role for CT� 0.50 lM, increasing the DNA
contour length. We can then fit the data of Figure 6 for this
concentration range to the McGhee-von Hippel NEM.

For typical intercalators, the contour length L can be
straightforward connected to the binding isotherm with the
relation[17]

L2L0
L0

5gr; (3)

where L0 is the initial value of the contour length and c is the
ratio between the extension elongated per bound ligand and
the distance between two consecutive base-pairs (�0.34 nm).
For typical intercalators, g51.[1,40]

In Figure 7, we show the fitting of the model (Equation 2
plugged into Equation 3) to our experimental data corre-
sponding to the concentration range where the contour length
increases. Here L0 is the minimum value of the contour
length obtained from the data of Figure 6, and not the bare
DNA contour length, because this mechanical parameter
starts to increase only at CT5 0.50 lM. Observe that the
model explains well the experimental data, and from the fit-
ting, we can extract the binding parameters corresponding to
the intercalative binding mode, which are shown in Table 2.

The values obtained for the binding parameters K and N
are on the same order of magnitude of the results found for
typical intercalators.[1,20,38,41–43] In addition, the fact that we

TABLE 1 Persistence length fitting parameters

PBS K (M21) N A1 (nm)

174 mM (10.56 3.0)3106 4.46 0.7 29.7

34 mM (8.36 2.1)3106 3.86 0.5 26.3

FIGURE 7 Fittings of the contour length data of Figure 6,
corresponding to the concentration range where the contour
length increases, to the model (Equation 2 plugged into Equa-
tion 3). Observe that the model explains well the experimental
data, and from the fitting, we can extract the binding parameters
corresponding to the intercalative binding mode
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have found g51 for both data is a strong indication that the
binding mode responsible for the increase of the contour
length here is really intercalation. In fact, groove binders and
other types of ligands that increase the contour length
by changing the DNA tertiary structure usually present
g � 1.[32,44] Thus, the increase on this mechanical property
measured here is due to DAPI intercalation into the DNA
double-helix.

Finally, observe that the values found for the equilibrium
binding constants in the two ionic strengths are approxi-
mately two orders of magnitude smaller than the results
found in Section “The physical chemistry of the DNA-DAPI
interaction can be deduced from the mechanical measure-
ments” for the effective (resulting) binding. Such result
shows that DAPI has a much higher binding affinity for the
minor groove than for intercalating in k-DNA. In addition,
as discussed before, the behavior of the persistence length
shown in Figure 4 is determined by the minor groove bind-
ing. Thus, as a first approach, it is reasonable to consider the
minor groove binding parameters as the ones determined by
the persistence length fittings in Section “The physical chem-
istry of the DNA-DAPI interaction can be deduced from the
mechanical measurements.” Such discussion allows one to
conclude that minor groove binding is the main mode of
interaction between DAPI and k-DNA, having a binding
affinity approximately two orders of magnitude higher than
the intercalative binding mode. For this reason, groove bind-
ing saturates at very low DAPI concentrations (CT5 0.50
lM). Intercalation, otherwise, starts to play a significant role
only after the saturation of groove binding, at DAPI concen-
trations CT� 0.50 lM, but with a much smaller binding
affinity.

4 | CONCLUSION

We have used single molecule force spectroscopy in order to
investigate the interaction between the DAPI dye and the
k-DNA molecule under high (174 mM) and low (34 mM)
ionic strengths. Such measurements allowed us to show that
the persistence length of the complexes formed presents a
simple monotonic decay associated with a minor groove
binding mode, which is the main binding mechanism for this
system. Such mode saturates for very low DAPI concentra-
tions (CT5 0.50 lM) and presents equilibrium binding con-

stants of the order of �107 M21. The second binding mode
detected here, intercalation, starts to play a significant role
only after the saturation of the first mode, that is, for CT�

0.50 lM, and presents much smaller equilibrium binding
constants (�105 M21). No significant cooperativity has been
detected here in any situation, indicating that DAPI mole-
cules bind individually along the double-helix. Finally, the
role of the ionic strength on the DNA-DAPI interaction was
also investigated, including experimental data from other
groups. We have shown that the ionic strength of the buffer
solution determines the quantitative behavior of the mechani-
cal properties of the DNA-DAPI complexes, explaining the
different results found in the literature.
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