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[(D + d)2 − h2], D ≤ h < D + d

A = 0, h ≥ D + d.
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[2(D + d)3 − 3h(D + d)2 + h3], D ≤ h ≤ D + d

W (h) = 0, h ≥ D + d.
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dt
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Force-dependent persistence length of
DNA–intercalator complexes measured in
single molecule stretching experiments

R. F. Bazoni, C. H. M. Lima, E. B. Ramos and M. S. Rocha*

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 mechanical 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 is not exhibited by 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 com-

plexes, 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

investigation of many intracellular processes as well as in

applications on the health sciences, especially in cancer chemo-

therapies 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 few years

various 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 performing

single molecule stretching on DNA–ligand complexes.1–20

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 obtained from typical

ensemble-averaging techniques. In single 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 configu-

ration, and the mechanical properties are determined by fitting

the force� extension curve to some theoretical model of polymer

elasticity. In ensemble-averaging techniques such as dynamic

light scattering, viscosimetry and gel electrophoresis, otherwise,

the complexes are not mechanically manipulated and the

mechanical properties are deduced from the conformation of

a set of many molecules.

Intercalators are well known DNA binding drugs much used

in various types of cancer chemotherapies. The binding of these

drugs introduces strong structural perturbations into the double-

helix structure, increasing the DNA contour length and unwinding

the double-helix by a certain angle per intercalated molecule.7,21–25

Despite the large use of intercalators in cancer chemotherapies

and the large number of studies concerning 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 some studies such as

the ones of Sischka et al.7 and Husale et al.,8 performed with

optical tweezers; Maaloum et al.,26 performed with atomic force

microscopy (AFM); Murade et al.,27 performed with optical

tweezers and fluorescence microscopy; and Lipfert et al.,28 per-

formed with magnetic tweezers, which have reported a decrease

in the persistence length of DNA complexes formed with inter-

calators. On the other hand there are studies that report an

increase in the persistence length of DNA–intercalator com-

plexes upon drug binding, such as those reported by Reinert

et al.,29 performed with viscosimetry; Quake et al.,30 performed

with optical tweezers and fluorescence microscopy; Berge et al.,31

performed with AFM; and the studies from the group of

Yoshikawa,32–35 all performed with fluorescence microscopy.

Finally, there are studies that have reported that intercalators in

general firstly increase the DNA persistence length at low ligand

concentrations, but can decrease this parameter at high ligand
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Unfolding DNA condensates produced by DNA-like charged depletants: a

force spectroscopy study
C. H. M. Lima, M. S. Rocha and E. B. Ramos1, a)

Laboratório de F́ısica Biológica, Departamento de F́ısica, Universidade Federal de Viçosa. Av. P. H. Rolfs s/n,
CEP 36570-900, Viçosa, MG, Brazil.

(Dated: 19 January 2017)

In this work we have measured, by means of optical tweezers, forces acting on depletion-induced DNA con-
densates due to the presence of the DNA-like charged protein bovine serum albumin (BSA). The stretching
and unfolding measurements performed on the semi-flexible DNA chain reveal (1st) the softening of the un-
condensed DNA contour length and (2nd) a mechanical behavior strikingly different from those previously
observed: the force-extension curves of BSA-induced DNA condensates lack the “saw-tooth” pattern and
applied external forces as high as ≈ 80pN are unable to fully unfold the condensed DNA contour length.
This last mechanical experimental finding is in agreement with force-induced “unpacking” detailed Langevin
dynamics simulations recently performed by Cortini et al on model rod-like shaped condensates. Further-
more, a simple thermodynamics analysis of the unfolding process has enabled us to estimate the free energy
involved in the DNA condensation : the estimated depletion-induced interactions vary linearly with both
the condensed DNA contour length and the BSA concentration, in agreement with analytical and numerical
analysis performed on model DNA condensates. We hope that future additional experiments can decide
whether the rod-like morphology is the actual one we are dealing with (e.g pulling experiments coupled with
super-resolution fluorescence microscopy).

PACS numbers: 87.80.Nj; 82.37.Rs; 87.14.gk; 87.80.Cc
Keywords: DNA condensation, depletion interactions,BSA, force spectroscopy

I. INTRODUCTION

DNA condensation or DNA compaction is a term
usually used to describe a process in which disperse
DNA molecules are compacted into tiny, nanometer-
sized forms often presenting a globule, rod or tours-like
morphology1. In such process, the micrometer-sized,
worm-like DNA chain is folded in a highly dense and
liquid-crystalline ordered structure, with a drastic reduc-
tion in its spanned volume.

In vitro, DNA condensation can be usually achieved by
using cationic molecules with charge equal or higher than
+3 (cation-induced condensation)1,2 or neutral polymers
such as polyethylene-glycol(PEG) and monovalent salt
(ψ-condensation)3. In the former case, the positional
correlation among the cationic ligands onto the DNA
double-helix acts promoting DNA segment-segment at-
traction resulting in the collapse of the DNA molecule4,
whereas in the latter one, the condensing agent doesn’t
bind the double-helix and the compaction process is
driven by the exclusion of the depletants surrounding the
DNA segments, thus giving rise to attractive depletion-
induced DNA segment-segment interactions5. Since the
amounts of depletants usually needed to achieve DNA
condensation are in the range of ∼10-30%(w/w%), the
solution conditions are termed“crowded”6.

An inverse scenario is presented e.g., by the ejection of
phages genomic DNA from within its capsid into bacte-

a)Electronic mail: esio@ufv.br

ria. The highly confined DNA chain is released into the
cytosol and the bending and electrostatic energies needed
to confine the viral DNA inside its capsid are responsible
for the ejection. It has also been shown that crowding
can suppress partially or totally the DNA ejection from
T4 phages into a neutral polymer (PEG) solution7.The
ejection of phage DNA into bacteria is an example of
biological process which is, to some extend, related to
pulling experiments performed with single DNA chains
in PEG solutions where fractions of the condensed DNA
contour length are pushed into a crowded environment8:
here crowding plays both roles of keeping the condensate
structure(keeping the chain confined within the conden-
sate volume) and opposing the swell or release of the
semi-flexible chain into the crowded solution, in such a
way that, an external force is needed to unfold the con-
densate.

On the one hand, there is an abundant literature
on force spectroscopy of cation-induced DNA conden-
sates under several solution conditions showing e.g., the
well known stick-release pattern in the force-extension
curves(a signature of this sort of condensate), the unfold-
ing of its loops, changes in the free energies involved and
etc9–12. On the other hand, very few experimental works
have focused on the mechanics of depletion-induced DNA
condensation in a crowded environment13,14, despite the
known relative importance of crowding in the nuclear
architecture and functioning in eukariotic cells15 (and
references therein). More recently16, Langevin dynam-
ics simulations were used to study the details involved
in the folding/unfolding of torus and rod-like DNA con-
densates. Rod and torus-like condensates seem to have
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Abstract

In this work, we have studied the interaction between the anticancer drug doxorubicin (doxo) and

condensed DNA, using optical tweezers. To perform this task, we use the protein bovine serum

albumin (BSA) in the working buffer to mimic two key conditions present in the real intracellular

environment: the condensed state of the DNA and the abundant presence of charged macromole-

cules in the surrounding medium. In particular, we have found that, when doxo is previously

intercalated in disperse DNA, the drug hinders the DNA condensation process upon the addition

of BSA in the buffer. On the other hand, when bare DNA is firstly condensed by BSA, doxo is

capable to intercalate and to unfold the DNA condensates at relatively high concentrations. In

addition, a specific interaction between BSA and doxo was verified, which significantly changes

the chemical equilibrium of the DNA–doxo interaction. Finally, the presence of BSA in the

buffer stabilizes the double-helix structure of the DNA–doxo complexes, preventing partial DNA

denaturation induced by the stretching forces.

K E YWORD S

bovine serum albumin (BSA), DNA condensation, doxorubicin, intercalation

1 | INTRODUCTION

The investigation of DNA interactions with binding drugs is important

to understand the physicochemical details of the mechanism(s) of

action of such drugs when used in chemotherapies, gene therapies, and

other applications. In fact, a number of researchers have paid attention

to this topic in the past years, characterizing many types of interactions

that can exist between DNA and small drug molecules. For recent

reviews on the subject, see Refs. 1,2.

Despite the large number of studies in the field, almost the totality

of these works were performed using disperse DNA molecules in ordi-

nary buffer solutions, which contain basically only counter- and co-ions

(Na1, Cl–, etc). Although the interactions between DNA and drugs can

be characterized in many aspects under such conditions, there is no

guarantee that such interactions will occur in the same way inside living

cells. On the contrary, they should be distinct in many aspects, since in

the intracellular environment the DNA molecules are usually subjected

to very different conditions: they are condensed during most time and,

in addition, the surrounding medium contains a lot of other macromole-

cules (proteins, sugars, and others) that contribute to regulate cell vol-

ume and fluid balance. Such macromolecules can directly or indirectly

interfere in the natural intracellular DNA-related processes and in the

DNA–drug interactions, by changing water activity on the double-helix,

or even by directly interacting with the biopolymer and/or with the

drug used.[3–9] Despite the relevance of such topic, few works have

used force spectroscopy to investigate the DNA condensation process

at a single molecule level[10–15] and the interactions of condensed DNA

with drugs. [14,16–18]

In this work, we have studied the interaction between condensed

DNA and the drug doxorubicin (doxo) by using the protein bovine

serum albumin (BSA) to mimic two key intracellular conditions: DNA

condensation and the presence of charged macromolecules in the sur-

rounding medium. Although histones are the real proteins that con-

dense the DNA molecule inside most cells, the use of BSA here has

some advantages for letting one to get first insights on the general

behavior of the drug inside cells, because the two intracellular condi-

tions above mentioned can be achieved simultaneously by using a sin-

gle protein in the buffer. Thus, in the present work we created a

simplified in vitro environment that somewhat mimics some important

intracellular conditions. This environment is closer to what occurs

inside prokaryote cells, in which the DNA condensation also depends

on the depletants present in the surrounding medium.[19]

Biopolymers. 2017;e23071.
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A B S T R A C T

We have performed a biophysical characterization, at single molecule level, of the interaction between the

DNAmolecule and the biogenic polyamine putrescine. By using force spectroscopy, wewere able to monitor

the complexes formation as putrescine is added to the sample, determining the mechanical properties of

such complexes and the physicochemical (binding) parameters of the interaction for three different ionic

strengths. In particular, it was shown that the behavior of the equilibrium binding constant as a function

of the counterion concentration deviates from the prediction of the Record-Lohman model. The measured

constants were (1.3 ± 0.2) × 105 M- 1 for [Na]=150mM, (2.1 ± 0.2) × 105 M- 1 for [Na]=10mM, and

(2.2± 0.3) × 105 M- 1 for [Na]=1mM. The cooperativity degree of the binding reaction, on the other hand,

increaseswith the ionic strength. From these analysis, the DNA-putrescine bindingmechanisms are inferred,

and a comparison with results reported for ordinary bivalent ions like magnesium is performed. Such study

provides new insights on the general behavior of the DNA interactions with biogenic polyamines.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The biogenic polyamines putrescine, spermine and spermidine

play important roles in various intracellular biochemical processes,

from macromolecular synthesis to cell proliferation and differentia-

tion [1,2]. Some of these functions are mediated by the interactions

of polyamines with nucleic acids (RNA and DNA) [3]. Thus, character-

izing such interactions is essential to allow a robust comprehension

of these biochemical processes at molecular level. Although the gen-

eral aspects of such interactions were elucidated along the past

years, many peculiarities remain unknown and are subject of con-

troversy [4]. In particular, single molecule studies of the complexes

formed between these polyamines and the nucleic acids are rare.

In the present work we have performed a biophysical charac-

terization of the interaction between the DNA molecule and the

polyamine putrescine, at single molecule level. To perform such a

task, we use optical tweezers to perform single molecule stretching

experiments of the DNA-putrescine complexes, at various different

ligand concentrations. Such experiments allow one to promptlymea-

sure the changes on the mechanical properties of such complexes

as the putrescine concentration increases in the sample. From these

data, the binding mode can be deduced and the physicochemical

* Corresponding author.
E-mail address: marcios.rocha@ufv.br (M.S. Rocha).

(binding) parameters of the interaction can also be determined with

accuracy [5]. Although the DNA-putrescine interaction was studied

in some aspects by other experimental techniques and computer

simulations [4,6-12], a complete single molecule study varying the

putrescine concentration and the ionic strength of the surrounding

buffer is lacking. Such study is now presented here, allowing one

to get new insights on both the mechanical and physicochemical

behavior of the DNA-putrescine complexes.

Putrescine is a compound related to the odor of putrefying flesh
and bad breath. It is a linear polyaminewith∼0.8 nm length, having a

positive charge at each endwhen protonated in solution. Fig. 1 shows

the chemical structure of this compound. An important feature for

its interaction with the DNA molecule is the fact that the 2+ charge

is linearly distributed along the molecule, and not centrally concen-

trated like in ordinary bivalent ions such as magnesium (Mg2+ ) or

calcium (Ca2+ ).

2. Materials and methods

2.1. Experimental details

The optical tweezers used here to perform the experiments con-

sist of a 1064 nm ytterbium-doped fiber laser operating in the TEM00

mode (IPG Photonics) mounted on a Nikon Ti-S inverted microscope

with a 100× NA 1.4 objective.

https://doi.org/10.1016/j.ijbiomac.2018.01.142

0141-8130/© 2018 Elsevier B.V. All rights reserved.
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A cooperative transition from the semi-flexible to the flexible regime of

polymer elasticity: Mitoxantrone-induced DNA condensation
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A B S T R A C T

We report a high cooperative transition from the semi-flexible to the flexible regime of polymer elasticity during

the interaction of the DNA molecule with the chemotherapeutic drug Mitoxantrone (MTX). By using single

molecule force spectroscopy, we show that the force-extension curves of the DNA-MTX complexes deviate from

the typical worm-like chain behavior as the MTX concentration in the sample increases, becoming straight lines

for sufficiently high drug concentrations. The behavior of the radius of gyration of the complexes as a function of

the bound MTX concentration was used to quantitatively investigate the cooperativity of the condensation

process. The present methodology can be promptly applied to other ligands that condense the DNA molecule

upon binding, opening new possibilities in the investigation of this type of process and, more generally, in the

investigation of phase transitions in polymer physics.

1. Introduction

The interactions of the DNA molecule with ligands such as proteins

and drugs is a field important to many areas of knowledge, from the

comprehension of basic intracellular processes to the application in

medical sciences, especially in cancer chemotherapies. Along the past

years, single molecule techniques such as optical and magnetic twee-

zers, as well as atomic force microscopy, have promoted a major step in

the understanding of such interactions [1–6]. In fact, these techniques

have opened the possibility of manipulating single DNA-ligand com-

plexes, allowing the determination of force-extension curves (FECs)

from which the mechanical properties of the complexes (and the phy-

sical chemistry of the interaction [1]) can be extracted. This type of

approach is usually known as single molecule force spectroscopy

(SMFS).

When using SMFS to study the interactions of the DNA molecule

with drugs or proteins, the straightforward approach employed to de-

termine the mechanical parameters of the complexes formed is to fit the

experimental FECs to the worm-like chain (WLC) model [7–9]. Never-

theless, such model has its intrinsic limitations, for example, it is valid

only for semi-flexible polymers. The bare DNA molecule has a peculiar

chemical structure, with two strands forming a double-helix that sets

important properties to the biopolymer such as a well-defined negative

charge density and a bending stiffness which places DNA in the class of

semi-flexible polymers [7,9-11]. When a ligand binds to the double-

helix, however, it can change the local bending stiffness as well as the

local charge density. Thus, if these changes make the DNA-ligand

complex much stiff or soft, the WLC model may fail and the mechanical

parameters obtained from the fitting of the FEC are maybe not much

realist. Fortunately, a large number of DNA ligands change only slightly

the DNA persistence length upon binding. Thus, the complex formed is

still a semi-flexible polymer, which justifies the use of the WLC model to

analyze the data. Nevertheless, this is not a general property, and there

are some ligands that can change drastically the mechanical properties

of the DNA molecule upon binding. Maybe the most known examples

are ligands that condense the DNA molecule, such as the polyamines

spermine and spermidine, and the histone proteins. These cationic li-

gands considerably reduce the effective persistence length of the com-

plexes formed at low ionic strengths [12,13], facilitating the DNA

condensation process. Small drug molecules that induce substantial

changes on the DNA persistence length upon binding, however, are

much less common.

While SMFS was largely employed in the past to study DNA con-

densation induced by various compounds such as polyamines and

proteins [12,14-17], the DNA complexes formed with Mitoxantrone

(MTX) were never characterized at single molecule level. Here we re-

port a SMFS characterization of this interaction using optical tweezers

to stretch the DNA-MTX complexes in the entropic regime (forces<

10 pN). While higher forces (tens of pN) may bring information on the

structure and structural transitions of these complexes, inside cells the

DNA molecule is submitted to very small net forces, on the order of a

few picoNewtons [18]. Therefore, to characterize the DNA-drug

https://doi.org/10.1016/j.bbagen.2018.01.019
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