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By using optical tweezers with an adjustable trap stiffness, we have performed systematic single molecule stretching experiments
with two types of DNA-intercalator complexes, in order to investigate the effects of the maximum applied forces on the mechani-
cal response of such complexes. We have explicitly shown that even in the low-force entropic regime the persistence length of the
DNA-intercalator complexes is strongly force-dependent, although such behavior does not occur for bare DNA molecules. We
discuss the possible physicochemical effects that can lead to such results. In particular, we propose that the stretching force can
promote partial denaturation on the highly distorted double-helix of the DNA-intercalator complexes, which interfere strongly in

the measured values of the persistence length.

1 Introduction

The study of DNA interactions with ligands such as drugs or
proteins is an interdisciplinary field important both in the in-
vestigation of many intracellular processes as well as in appli-
cations on the health sciences, especially in cancer chemother-
apies and gene therapies. From the early 90’s, the advent
of single molecule techniques such as optical and magnetic
tweezers has allowed one to investigate these interactions by
manipulating and stretching single DNA-ligand complexes,
since the mechanical response of these complexes usually
changes upon ligand binding. In fact, along the past years var-
ious approaches were developed in order to deduce the ligand
binding mode(s) and to extract physicochemical information
of the interaction from mechanical data obtained by perform-
ing single molecule stretching on DNA-ligand complexes =20,

Although nowadays the mechanical behavior of bare DNA
molecules is well understood, the mechanics of DNA-ligand
complexes is still a topic with many contradictory results
in the literature, especially when comparing data obtained
from single molecule stretching techniques with those ob-
tained from typical ensemble-averaging techniques. In sin-
gle molecule stretching experiments performed with optical
or magnetic tweezers, each individual DNA-ligand complex
is stretched from its equilibrium configuration in solution to
an approximately straight configuration, and the mechanical
properties are determined by fitting the force X extension
curve to some theoretical model of polymer elasticity. In
ensemble-averaging techniques such as dynamic light scatter-
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ing, viscosimetry and gel electrophoresis, otherwise, the comn
plexes are not mechanically manipulated and the mechanical
properties are deduced from the conformation of a set of man,
molecules.

Intercalators are well known DNA binding drugs much used
in various types of cancer chemotherapies. The binding of
these drugs introduce strong structural perturbations on the
double-helix structure, increasing the DNA contour length and
unwinding the double-helix by a certain angle per intercalated
molecule’2!=3, Despite the large use of intercalators in can-
cer chemotherapies and the large number of studies concern-
ing the interactions of these drugs with DNA, there are still
some contradictory results in the literature about the effects
of these compounds on the DNA persistence length. In fact,
there are a some works such as the ones of Sischka et al.” and
Husale ef al.8, performed with optical tweezers; Maaloum «
al.?%, performed with atomic force microscopy (AFM); Mu-
rade et al.?’, performed with optical tweezers and fluores-
cence microscopy; and Lipfert er al.?8, performed with mag-
netic tweezers, which have reported a decrease on the persis-
tence length of DNA complexes formed with intercalators. On
the other hand there are works that report an increase on the
persistence length of DNA-intercalator complexes upon druy
binding, such as those by Reinert et al. >, performed with vis-
cosimetry; Quake et al.?, performed with optical tweezers
and fluorescence microscopy; Berge et al.3!, performed wi
AFM; and the works from the group of K. Yoshikawa3>—3>
all performed with fluorescence microscopy. Finally, there are
works that have reported that intercalators in general firstly
increase the DNA persistence length for low ligand concen-
trations, but can decrease this parameter for high ligand con-
centrations. As examples, we cite the works of Tessmer et
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al.%, performed with optical tweezers, Cassina et al.3® and
Kaji et al. 37 performed with AFM; and the works of our
group 12131920 4] performed with optical tweezers. There-
fore, given the current state of knowledge on the subject, it
is clear that a rigorous systematic investigation is needed in
order to understand such discrepant results.

As a starting point, it is important to note that most works
that have used non-stretching experimental techniques have
concluded that the persistence length of DNA-intercalator
complexes increases upon drug binding?*3%-32-35 Most of
the contradictory results, otherwise, were obtained from ex-
periments performed with typical DNA stretching techniques,
such as optical and magnetic tweezers ©81213.19.20.27.28

In order to clarify these contradictory results, in this work
we use optical tweezers to perform systematic stretching ex-
periments with DNA complexes formed with two intercala-
tors, Doxorubicin (doxo) and Ethidium Bromide (EtBr), by
varying the tweezers’ trap stiffness. The goal is to verify
the effects of the maximum applied forces on the mechani-
cal properties of the DNA-drug complexes. Doxo is an an-
thracycline antibiotic largely employed in chemotherapies for
treating some types of leukemias, sarcomas, lymphomas, etc.
EtBr, on the other hand, is a fluorescent dye much used to stain
the DNA molecule in gel electrophoresis and other methods
of nucleic acids separation. In Fig. 1 we show the chemi-
cal structure of both compounds. At near physiological con-
ditions ([NaCl] ~ 150 mM, pH ~ 7.4) doxo intercalates in
the DNA molecule with an equilibrium binding association
constant of about ~ 108 M~!, occupying 2.5 to 3 base-pairs
in average38’39. EtBr, on the other hand, intercalates with an
equilibrium binding constant of about ~ 10> M~!, occupying
2.0 to 2.5 base-pairs 1249,

Here the experiments were performed stretching the com-
plexes up to three different values of the maximum force: ~ 6
pN, ~ 10.5 pN and ~ 15 pN. Basically we have found that, the
higher the maximum applied force, the lower the persistence
length obtained from single molecule stretching. We discuss
and interpret the results mainly in terms of partial DNA denat-
uration induced by the stretching force on the highly distorted
double-helix of the DNA-intercalator complexes, which inter-
fere strongly in the measured values of the persistence length.

2 Materials and Methods

2.1 Sample preparation

In this work the samples consist of A-DNA molecules (New
England Biolabs) end-labeled with biotin attached by one end
to a streptavidin-coated bead of 3 um diameter (Bangs Labs)
and by the other end to a streptavidin-coated coverslip (Xeno-
pore Corp.). The surrounding solution is a Phosphate Buffered
Saline (PBS) buffer with pH = 7.4 and [NaCl] = 140 mM. The

a) Doxo OH

b) EtBr

Fig. 1 Chemical structure of the two intercalators used: a)
Doxorubicin (doxo) and b) Ethidium Bromide (EtBr).

sample chamber consist of an o-ring glued in the coverslip
surface, which contains the working solution. The DNA base-
pair concentration used in all experiments was Cp,, = 2.4 uUM.
The surrounding buffer solution, and consequently the drug
concentration in the sample, can be easily changed during the
experiments by using micropipettes.

2.2 Optical tweezers setup

The optical tweezers consist of a 1064 nm ytterbium-doped
fiber laser with a maximum output power of 5.8 W (IPG Pho-
tonics) mounted on a Nikon Ti-S inverted microscope with
a 100x N.A. 1.4 objective. As mentioned before, we have
performed measurements with three different values for thc
trap stiffness k: (6.2 &= 0.3) pN/um, (10.9 £ 0.5) pN/pum and
(15.5 + 0.8) pN/um. This parameter was changed by varying
the laser output power and/or using neutral density filters in
the optical path. Each value of k¥ was obtained by calibratin_
the tweezers with two independent methods using free beads
(without attached DNA) in solution: indirect Stokes force cali-
bration and by analyzing the Brownian fluctuations of the bead
in the potential well of the tweezers*!. Once calibrated, the
tweezers can be used to trap a polystyrene bead attached to a
DNA molecule and the stretching experiments can be started.

2| Journal Name, 2010, [vol]1-9
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2.3 Stretching experiments

The DNA molecules are stretched by moving the microscope
stage and consequently the coverslip with controlled velocity
by using a piezoelectric device (PINano P-545, Physik Instru-
mente). Simultaneously, we monitor the changes on the bead
position in the potential well of the tweezers, x(), by videomi-
croscopy. Therefore, the stretching force can be determined
as F(tr) = kx(t), and t is converted to the DNA extension xpya
by multiplying by the velocity of the coverslip. To extract
the persistence and contour lengths, we fitted the experimental
force x extension data to the Marko-Siggia Worm-Like Chain
(WLC) model **.

In order to change the maximum value of the force applied
to the DNA molecules, the trap stiffness k of the tweezers is
varied. This approach has been proved better than simply stop-
ping the stretching experiments at different points, because it
allows one to measure similar bead displacements in the op-
tical potential well for different maximum forces, thus min-
imizing errors due the to bead displacement measurements.
Such displacements can be very small in the entropic regime
if the trap stiffness is too high, thus increasing the error in the
measurement of the force.

Another fundamental issue that was addressed here was to

fit only the experimental force x extension data that is rigor-
ously within the harmonic region of optical potential well. In
fact, considerable variations on the trap stiffness usually occur
for high bead displacements, because it can enter in the an-
harmonic regions of the optical potential*>**. To avoid such
effect, which can lead to wrong results due to calibration mis-
match, we have previously determined for each x which are
the maximum allowed forces that can be used in the fitting pro-
cess. Such forces depend on the particular characteristics of
each particular experimental setup that determine the shape of
the optical potential (bead size and refractive index, bead dis-
tance from coverslip, laser wavelength and mode, etc)*3. For
our current setup, the maximum bead displacement that can be
used to fit the experimental force x extension data is ~ 0.32
um independent of the trap stiffness used, which corresponds
to 9.3 pixels in our optical system (CCD camera JAT BM-500
GE). Observe that for such bead displacement the force data
used in the fittings are all within the entropic regime (F' < 10
pN) even for the highest trap stiffness used, which justifies the
use of the Marko-Siggia Worm-Like Chain (WLC) model to
perform the fittings *2.

Figure 2 (circles) shows a typical force x extension curve
obtained with the procedure above discussed for a bare A-
DNA molecule (~ 48,500 base-pairs). The inset shows a fit-
ting to the Marko-Siggia Worm-Like Chain (WLC) model*>
(solid line). In fact, observe that the model fits very well to
our experimental data, allowing us to determine the mechani-
cal properties (persistence and contour lengths) with accuracy.
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Fig. 2 Force x extension curve of a bare A-DNA molecule in the
entropic regime, with maximum force set to ~ 6 pN. Circles:
experimental data obtained with optical tweezers (k = 6.2 pN/um):
Solid line in the inset: a fitting to the Marko-Siggia Worm-Like
Chain (WLC) model 42,

Observe also that the data shown in Fig. 2 correspond to the
case in which we have set the maximum stretching force to 6
pN (x = 6.2 pN/um).

More details about the sample preparation, optical tweezers
setup and experimental procedure can be found in our refer-

ences 1517,

3 Results and discussion

As explained in the last section, we have performed vari-
ous stretching experiments for three different values of the
trap stiffness, corresponding to the maximum stretching forces
Finax = 6 pN, 10.5 pN and 15 pN. We emphasize that these
are actually the maximum forces applied to the DNA-drug
complexes in all experiments, and not only trap parameter.
of reference. In Fig. 3 we show the persistence length (A]
of DNA-doxo complexes measured as a function of F,x, ob-
tained for four different doxo concentrations in the sample (2.5
uM, 3.5 uM, 4.5 uM and 5.5 uM). In this figure, and also i

all subsequent ones, the dashed lines are only guides to the
eye. Observe that, independent of the doxo concentration, the
qualitative behavior of the experimental data is the same: the
persistence length A decreases as a function of the maximum
stretching force F,,y, which shows that the measured valuc
of this parameter obtained from single molecule stretching is
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Fig. 3 Persistence length (A) of DNA-doxo complexes measured as
a function of the maximum stretching force (F},4x), obtained for four
different doxo concentrations in the sample: 2.5 uM (black circles),
3.5 UM (blue squares), 4.5 UM (green diamonds) and 5.5 uM (red
triangles). The dashed lines are guides to the eye.

strongly dependent on the force regime used to perform the
experiments. On the other hand, the measured contour length
L of the complexes is independent of the maximum stretching
force in the regime studied here, and remains constant within
the error bars when plotted as a function of F,,,. For 2.5 uM
of doxo, for example, we have found L = (16.9 + 0.5) um for
Fpax =6 pN, L =(16.9 &+ 0.6) um for F,, = 10.5 pN and L
=(17.0 &£ 0.4) um for F,, = 15 pN, corresponding to an in-
crease of about 3% relative to the bare A-DNA contour length
(16.5 um). For 5.5 uM of doxo, on the other hand, we have
found L = (18.9 £ 0.6) um for F;;,;, = 6 pN, L = (18.6 £ 0.6)
um for Fp, = 10.5 pN and L= (19.1 £ 0.7) um for F,zx = 15
pN, corresponding to an increase of about 14% relative to the
bare A-DNA contour length (16.5 pm).

To achieve the results reported in Fig. 3, the measurements
were performed as follows. Firstly we start the experiment
with only bare DNA molecules in the sample. We choose and
test one of them by measuring 5 to 7 stretching curves, ob-
taining the mean values of the persistence and contour lengths
for the bare DNA. The average results obtained were A = (45
4 3) nm and L = (16.5 & 1) um, which are within the ex-
pected values for the bare A-DNA under our experimental
conditions® 8. Next we change the surrounding buffer so-
lution, introducing the intercalator at a certain chosen concen-
tration. We wait about ~ 20 minutes for drug equilibration,
and then repeat the stretching experiments, performing 5 to 7
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Fig. 4 Persistence length (A) of DNA-EtBr complexes measured as
a function of the maximum stretching force (F;4x), obtained for four
different EtBr concentrations in the sample: 1.5 uM (black circles)
2.5 UM (blue squares), 3.5 UM (green diamonds) and 4.5 uM (red
triangles). The dashed lines are guides to the eye.

measurements for each value of the trap stiffness, correspond-
ing to the three values of the maximum stretching force cited
above. These measurements were performed with the same
DNA molecule in sequence of increasing Fy, i. e., firstly we
perform all the stretching measurements for £, = 6 pN, them
for Fj,qax = 10.5 pN and finally for F,,, = 15 pN. Next, we re-
peat the entire experiment for other different DNA molecules.
The average values and error bars presented in Fig. 3 were
calculated from these sets of measurements.

Figure 4 shows the same type of plot for the persistence
length of the DNA-EtBr complexes, which were obtained with
the same experimental procedure. Observe that the qualitative
behavior of the data is the same one obtained for the DNA
doxo complexes, suggesting that such behavior is general for
intercalating drugs. In addition, the contour length of the
DNA-EtBr complexes is also independent of F,,.. For 2.5
UM of EtBr, for example, we have found L = (18.5 + 0.3)
um for F, =6 pN, L =(18.8 & 0.5) um for F,,4 = 10.5 pN
and L = (18.6 & 0.5) um for F,, = 15 pN, corresponding tc
an increase of about 13% relative to the bare A-DNA contou~
length (16.5 um). For 4.5 uM of EtBr, on the other hand, we
have found L = (20.5 4 0.7) um for Fp,, = 6 pN, L =(20.2 &+
0.6) um for F,,4r = 10.5 pN and L = (20.7 £ 0.7) um for F;,
= 15 pN, corresponding to an increase of about 24% relative
to the bare A-DNA contour length (16.5 pm).

In order to guarantee that the measured effect on the persis-
tence length is due to the intercalated drug, we also repeatea
the same experiment using only bare DNA molecules. The
results obtained for the persistence length are shown in Fig.

4|  Journal Name, 2010, [vol]1-9
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Fig. 5 Persistence length (A) of the bare DNA molecule measured CT (uM)

as a function of the maximum stretching force (F,4y). Observe that
for the bare DNA the behavior of the persistence length is drastically
different from the one observed for the DNA-intercalator
complexes, being independent of ;..

5, and the contour length is again independent of F,,. Ob-
serve that for the bare DNA the behavior of the persistence
length is drastically different from the one observed for the
DNA-intercalator complexes, being independent of F,,,, in the
force regime studied here. Thus, the dependence of the persis-
tence length on F,,, reported here is certainly related to the
strong structural perturbations that intercalators introduce on
the DNA double-helix upon binding.

Before interpreting and discussing these intriguing results,
it is fundamental to show again the data of Figs. 3 and 4 from
a different perspective. Observe that such data can be used
to plot the persistence length of the DNA-drug complexes as
a function of the drug concentration in the sample, for each
value of the trap stiffness. Figures 6 and 7 show such behavior,
which can now be directly compared to most of the measure-
ments found in the literature, which have monitored the per-
sistence length of DNA-intercalator complexes as a function
of drug concentration in the sample®%1213.19.20.26-37 = gp._
serve that for the smallest trap stiffness used, corresponding
to Fax = 6 pN, the persistence length of both DNA-doxo and
DNA-EtBr complexes increases as a function of drug concen-
tration, reaching a maximum value at a certain concentration
and then decreases. Such behavior is in agreement with the
results previously reported by our group for DNA complexes
formed with the intercalators EtBr and daunomycin'?, pso-
ralen '3, diaminobenzidine ' and the bis-intercalator gelred ?°.
All these works were performed with optical tweezers operat-
ing within this force regime (F < 6 pN). This behavior is also
in agreement with results reported by other groups, as cited
before %337 On the other hand, for the highest trap stiffness

Fig. 6 Persistence length (A) of the DNA-doxo complexes as a
function of the drug concentration in the sample (Cr), for the three
values of Fy,x used: 6 pN (purple circles), 10.5 pN (brown squares
and 15 pN (orange diamonds). Observe that such behavior depends
strongly on the force regime used to perform the experiments. The
dashed lines are guides to the eye.

used, corresponding to Fp,: = 15 pN, the persistence lengti.
exhibits an approximately monotonic decrease as a function of
drug concentration, in agreement with results reported by Sis-
chka eral.”, Husale er al. 3, Maaloum er al. 2, Murade et al. ?7,
and Lipfert et al.?8. Finally, for the intermediate trap stiffness
used, corresponding to F,,; = 10.5 pN, the persistence length
of both complexes appears to exhibit an intermediate behavior
between the two ones discussed above. It is worth to empha-
size here again that the dashed lines shown in Figs. 6 and 7
are only guides to the eye.

These results lead us to conclude without doubt that the val-
ues obtained for the persistence length of DNA-intercalator
complexes are strongly dependent on the applied forces used
to perform the experiments. Although at first glance they may
appear conflicting, these results can be understood on the ba-
sis of the following discussion. It is well known that interca
lators introduce strong structural perturbations on the DN/
molecule, increasing the contour length and unwinding the
double-helix by a certain angle (typically 20° to 30°) per inter-
calated molecule 2!-33. Recently we have proposed that suc
perturbations distort the hydrogen bonds between the comple-
mentary base pairs in a way that partial DNA denaturation can
occur even for relatively small stretching forces, with the for-
mation of various local denaturation bubbles'>#?. This as-
sumption was latter confirmed by first principles density func-
tional theory (DFT) simulations '3. The intensity of such effect

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Persistence length (A) of the DNA-EtBr complexes as a
function of the drug concentration in the sample (Cr), for the three
values of Fy,, used: 6 pN (purple circles), 10.5 pN (brown squares)
and 15 pN (orange diamonds). Observe that such behavior depends
strongly on the force regime used to perform the experiments. The
dashed lines are guides to the eye.

obviously depends on the concentration of bound drug and on
the force regime used to perform the stretching experiments.
In fact, as the force used to stretch the DNA is increased,
the probability of forming denaturation bubbles in the highly
distorted double-helix of the DNA-intercalator complexes in-
creases accordingly, thus leading to a reduction of the effective
persistence length. On the other hand, if no denaturation oc-
curs because the drug concentration is too low and/or the ap-
plied forces are sufficiently small, the persistence length of the
complexes increases as a function of drug concentration. Such
proposal explains why for F,, = 6 pN the decrease of the per-
sistence length occurs only for relatively high drug concentra-
tions; and for F,,,x = 15 pN we observe a monotonic decrease
of this parameter. In addition, this proposal is also in agree-
ment with an important information already mentioned in the
Introduction: most works that have used non-stretching ex-
perimental techniques (viscosimetry, dynamic light scattering,
fluorescence microscopy, equilibrium dialysis, etc) have found
that the persistence length of DNA-intercalator complexes in-
creases upon drug binding?*3%-32-35 " Other evidence to such
result arise from experiments which have analyzed the effects
of intercalators in the DNA condensation processes. It was
already show that the general effect of intercalators is to pre-
vent DNA condensation when previously bound>*3. From
the point of view of the mechanical properties, this is an in-
dication that the ligand in fact increases the DNA persistence
length upon binding, thus increasing the energy necessary to
form the pronounced bendings present in the DNA conden-

sates 0,

Most of the contradictory results for the persistence
length of DNA-intercalator complexes, otherwise, were
obtained from experiments performed with typical DNA
stretching techniques, such as optical and magnetic tweez-
ers6-8:12,13,19.2027.28 ‘The AFM technique here is a case apart,
firstly because it can be used as a stretching technique or as an
imaging technique. When used to perform single molecule
stretching, it is very similar to the tweezers and therefore
present basically the same conveniences and difficulties. On
the other hand, if used as an imaging technique to measure
the persistence length from the conformation of the deposited
DNA complexes, the method used to deposit the DNA com-
plexes on the substrate and the substrate type itself can influ-
ence the results obtained 7343

In addition, another test can be performed to verify the par-
tial denaturation assumption. In fact, the results presented in
Figs. 6 and 7 suggest that F,,,, = 6 pN is not sufficient to in-
duce partial denaturation for drug concentrations < 4.5 ul~
for DNA-doxo complexes and < 2.5 uM for DNA-EtBr com-
plexes, but F,,x = 15 pN induces such denaturation at thesc
concentrations. Therefore, if we reverse the order of the ex-
periments, stretching firstly with F,,, = 15 pN, then with F,,
= 10.5 pN and finally with F,,, = 6 pN, the results obtained
for the persistence length should all be equal for the three
forces, because partial denaturation will have occurred in the
first round of stretching experiments (with F,,,, = 15 pN). Fig-
ure 8 shows the results obtained with this procedure for both
complexes, using one concentration of doxo (4.5 uM) and
two concentrations of EtBr (2.5 uM and 3.5 uM). Observe
that now the measured values of the persistence length are the
same within the error bars for the three values of the trap stiff-
ness used, thus corroborating to the interpretation of partial
denaturation.

Finally, we have also performed another type of experiment
that supports the partial denaturation assumption. Firstly w
start stretching a DNA-drug complex with the softest trap stift-
ness until reaching the maximum DNA extension and than
revert the velocity of the microscope stage, measuring the
relaxation force X extension curve of such complex. The
stretching-relaxation curve set do not exhibit any hysteresis
in this case. The typical result obtained for 4.5 uM of doxo i.
shown in Fig. 9, where the stretching curve is represented b}
green squares and the relaxation curve is represented by black
diamonds. Next, we repeated the experiment changing the
trap stiffness during the stretching to its stiffest value appro»
imately ~ 0.5 yum before the maximum DNA extension. Now
the relaxation curve (red circles in Fig. 9) exhibits hystere-
sis relative to the stretching one, indicating that some struc-
tural change on the DNA-drug complex has occurred, which
is compatible to the partial denaturation assumption proposeu
before. In addition, if we fit the stretching and relaxation force
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Fig. 8 Persistence length (A) of DNA-doxo complexes at 4.5 uM
(black circles), DNA-EtBr complexes at 3.5 uM (blue squares) and
DNA-EtBr complexes at 2.5 uM (green diamonds), measured as a
function of the maximum stretching force (F},4x). Here we have
reverted the order of the experiments, stretching firstly with F,,4x =
15 pN, then with F;;,, = 10.5 pN and finally with F},,, = 6 pN. The
measured values of the persistence length are now the same within
the error bars for the three values of F;,,, corroborating to the
interpretation of partial denaturation.

curves to the Marko-Siggia expression, we find values of the
persistence length compatible with those previously reported
in Fig. 6 for the cases of F,,, = 6 pN and F,, = 15 pN, re-
spectively. This complete experiment was also repeated for
bare DNA molecules, and we have not found any hysteresis
in this case even when changing the trap stiffness (data not
shown), which indicates that the effect is related to the pres-
ence of the intercalator.

In addition, besides the partial denaturation proposal so far
discussed here, other factors can certainly influence the ab-
solute values obtained for the persistence length of DNA-
intercalator complexes measured in single molecule stretching
experiments. Below we discuss the most important of these
factors, which may help one to understand the discrepant re-
sults found in the literature previously mentioned.

a) Already in the original work of Marko and Siggia it was
shown that the measured effective persistence length is in fact
force-dependent, decreasing as the applied force on the DNA
molecule increases*?. Although such effect is not significant
for the bare DNA under our experimental conditions (see Fig.
5), the effective changes introduced on the polymer chain upon
intercalator binding can highlight and strengthen this effect.

b) From the physicochemical point of view, some of the re-
sults presented here can be understood assuming that the ap-
plied force changes the chemical equilibrium between the drug
and the DNA molecule. Recently, Vladescu et al. have explic-
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Fig. 9 Typical force x extension curves obtained by stretching and
relaxing a DNA-doxo complex (4.5 uM). Green squares: stretching
curve obtained with the softest trap stiffness; Black diamonds:
relaxation curve obtained with the softest trap stiffness; Red circles:
relaxation curve obtained with the stiffest trap stiffness. Observe
that this last curve exhibits hysteresis relative to the stretching one,
indicating that some structural change on the DNA-drug complex
has occurred, which is compatible to the partial denaturation
assumption.

itly shown that important binding parameters such as the equi-
librium association constant and the exclusion number in gen-
eral depend on the force applied to the DNA-drug complexes.
In particular, the equilibrium constant increases exponentially
as a function of the applied force®®. Since the equilibrium
constant is closely linked to the concentration of bound drug,
it is expected that the mechanical properties of the DNA-drug
complexes are in fact force-dependent. For EtBr, for examplc

it can be shown that at 6 pN the equilibrium binding constant
increases about 40% in relation to the value found at zero-
force. At 15 pN, such increase is about 150% 56 Therefore,
an important effect of the applied force is to increase the aver-
age amount of bound drug per DNA molecule. Another work
that evidences such conclusion was recently performed by th:

group of F. Ritort studying bis-intercalating drugs>’. Never

theless, it is difficult to explain the non-monotonic behavior
observed for F;,,, = 6 pN only with this assumption, since one
or more binding parameters should abruptly change their va’

ues at the “critical concentration” where the persistence length
invert its behavior.

¢) The DNA concentration in the sample is an important
parameter usually neglected in some works. In fact, it is im-
portant that the DNA concentration in the sample chamber 15
maintained constant during the entire experiment, because the

This journal is © The Royal Society of Chemistry [year]
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bound drug fraction depends strongly on the DNA concentra-
tion. In other words, the larger the DNA concentration in the
sample, the larger the amount of drug that one needs to add in
order to achieve saturation. Thus, for a fixed amount of drug
added to the sample, the average measured mechanical prop-
erties should depend on the DNA concentration, since they de-
pend on the bound drug fraction. This is a somewhat serious
problem for sample chambers in which the DNA molecules
remain free in solution and a fluid flow is applied in order to
change the drug concentration, because most DNA molecules
are lost during the fluid flow and therefore the bound drug frac-
tion will saturate even for very low drug concentrations. In our
sample chamber most DNA molecules remain attached to the
coverslip surface, guaranteeing that the DNA concentration in
the sample remains approximately unchanged during the ex-
periment and also that a considerable amount of drug will be
needed in order to achieve the bound drug saturation.

d) The experimental characteristics of each particular setup
must be well known in order to avoid calibration mismatches.
In particular, in Section 2.3 we have stressed that in optical
tweezers experiments all bead displacements should be suffi-
ciently small to guarantee that it is always in the harmonic re-
gion of the potential well. In magnetic tweezers experiments,
on the other hand, one should pay attention to the fact that the
DNA unwinding introduced by the intercalators are not prop-
agated to the bead, which is rotationally constrained. This
rotational constrain, which does not exist in optical tweezers,
can lead to different results for the mechanical parameters de-
pending on how the experiment is performed.

e) From the results discussed above it is evident that ex-
periments performed in the enthalpic regime, with high forces
(tens of pN), cannot be directly compared to those performed
in the entropic regime, at least for DNA-intercalator com-
plexes. Besides the fact that those experiments are performed
in different a very different force regime, one also usually
needs to use a different version of the WLC model to fit the
experimental data, which includes another mechanical param-
eter: the stretching modulus, an enthalpic parameter related to
DNA deformation due to the applied forces .

Finally, at this point one could ask in which force regime
we should work to obtain the “correct” mechanical behav-
ior of DNA-intercalator complexes. Probably there is not a
straightforward answer to this question, since it may depend
on the particular application that one intends to do with the
complexes. The results presented here suggest that if one is
interested in studying the mechanics of free DNA-intercalator
complexes in equilibrium situations, with no external applied
forces, single molecule stretching should be used only with
forces as low as possible.

On the other hand, from the biological point of view, al-
though the DNA is tightly bound to the histone proteins in-
side the crowded cell environment, there are theoretical and

experimental evidences suggesting that the net forces acting
on the DNA are on the order of a few picoNewtons>. These
evidences suggest therefore that the experiments performed in
the entropic regime are therefore closer to the in vivo situatior
Nevertheless, the mechanical response of condensed DNA
molecules is in general very different from disperse DNA
molecules>*%, and more experiments are certainly needed in
order to evaluate the extension of the conclusions draw here
for the in vivo environment.

4 Conclusion

We have performed rigorous systematic stretching experi-
ments with two types of DNA-intercalator complexes, study-
ing how the persistence length varies as a function of the maxi-
mum applied stretching force F,,,. We have shown that, even
in the entropic regime, the measured persistence length de-
pends strongly on F;,, because the applied forces can induce
partial denaturation in the highly distorted double-helix struc-
ture of the DNA-intercalator complexes. These measuremen
clarify most of the contradictory results found in the litera-
ture on the subject, showing that single molecule stretchinz
should be used with care to measure the persistence length of
DNA-intercalator complexes. In fact, the current literature and
the results presented in this work suggest that, if no stretching
force is applied on the complexes and the DNA-ligand syster
is in equilibrium in solution, intercalators increase the DNA
persistence length. Therefore, the stretching force necessary
to perform single molecule stretching should be as low as pos-
sible in order to avoid disturbing the thermodynamic equilib-
rium and to avoid partial DNA denaturation, thus guaranteing
that the persistence length measured is close to the one ob-
tained when the complexes are not mechanically stressed.
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