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Nanomechanics of Fluorescent DNA Dyes on DNA
Investigated by Magnetic Tweezers
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ABSTRACT Fluorescent DNA dyes are broadly used in many biotechnological applications for detecting and imaging DNA
in cells and gels. Their binding alters the structural and nanomechanical properties of DNA and affects the biological pro-
cesses that are associated with it. Although interaction modes like intercalation and minor groove binding already have
been identified, associated mechanic effects like local elongation, unwinding, and softening of the DNA often remain in ques-
tion. We used magnetic tweezers to quantitatively investigate the impact of three DNA-binding dyes (YOYO-1, DAPI, and
DRAQ5) in a concentration-dependent manner. By extending and overwinding individual, torsionally constrained, nick-
free dsDNA molecules, we measured the contour lengths and molecular forces that allow estimation of thermodynamic
and nanomechanical binding parameters. Whereas for YOYO-1 and DAPI the binding mechanisms could be assigned to
bis-intercalation and minor groove binding, respectively, DRAQ5 exhibited both binding modes in a concentration-dependent
manner.
INTRODUCTION
Fluorescent DNA dyes are broadly used in biology and
biomedicine to detect and image DNA in separation gels
or in fluorescence light microscopy. The specific interac-
tion of these dyes with DNA affects the nanomechanical
behavior and the structural properties of DNA, interfering
with many of the well-known DNA associated processes
like transcription and replication. Although a number of
different interaction modes have been identified, the asso-
ciated molecular mechanics like elongation, untwisting,
and softening of the DNA polymer are often poorly under-
stood and debated. In this work we chose three commonly
used fluorescent stains (YOYO-1, DAPI, and DRAQ5) and
investigated the nanomechanical effects of the DNA-bind-
ing dyes using magnetic tweezers (MTs). The green-fluo-
rescent DNA dye YOYO-1 is a tetracationic homodimer
of oxazole yellow and belongs to the monomethine cyanine
family. It is one of the most commonly used nucleic acid
dyes and shows virtually no fluorescence in solution but
in contrast a more than 1000-fold increase of fluorescent
intensity when bound to DNA (1). YOYO-1 is known
to interact with DNA as a bis-intercalator, which leads to
a local unwinding the double helix and a considerable
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lengthening of the DNA strand. The reported elongation
varies from 18% to 50% (2–7). The associated unwinding
angle of YOYO-1 has been measured in MT experiments
to 24� by G€unther et al. (8), whereas Johansen et al.
measured an angle of 106� by NMR (9). A further debate
was related to how YOYO-1 influences the bending stiff-
ness or softening of the biopolymer. Quake et al. reported
a 32% persistence-length increase of DNA with optical
tweezers (3), whereas two other groups have measured
reduction of 70% with the same methodology (4,5). Shi
et al. have used entropic force microscopy and observed
a reduction of 9% of the persistence length (7). By using
atomic force microscopy (AFM) in solution, Maaloum
et al. reported a reduction of 44% (6), whereas Kundukad
et al. suggested a more or less constant persistence length
under ambient conditions (10). Recently, G€unther et al. (8)
employed MTs to perform single-molecule stretching
experiments and concluded that the persistence length
of dsDNA remained almost constant during intercalation
with YOYO-1.

Although YOYO-1 is regarded as an efficient and photo-
bleaching-resistant DNA dye, it is cell-impermeable, which
means that it cannot be applied in live- and fixed-cell exper-
iments. Therefore, the classical blue DNA dye DAPI, which
belongs to the indol family, is the dye of choice for staining
the chromosomes in the nucleus of fixed and living cells. It
could be shown that the binding of DAPI to DNA leads to a
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a b FIGURE 1 Schematic of magnetic tweezers. (a)

A single dsDNA molecule is attached between a

surface and a micrometer-sized magnetic bead

that is trapped and manipulated in a variable,

external magnetic field. (b) Supercoiling curve

(hat curve) of dsDNA is shown. By rotating a

magnetic bead, mechanical torque is applied to

the DNA molecule and the end-to-end distance is

reduced. Hat curves can be divided into two re-

gimes: for a number of twists, R, smaller than

the buckling number, N, the torque is released

along the double strands (torsional elastic regime).

At higher rotation numbers, R > N, the torsional

stress is released by the formation of plectonemes

that leads to a substantial topological shortening

of the DNA end-to-end distance (plectonemic

regime). To see this figure in color, go online.

Nanomechanics of Dye-Complexed DNA
20-fold increase of the fluorescence (11). However, since
DAPI can only be excited with ultraviolet (UV) light, expo-
sition of this fluorescent dye interferes with the viability of
the probed cells and somewhat limits the accessible obser-
vation time. DAPI is known as a DNA minor groove binder
that binds preferentially to AT-rich regions and theoretically
influences the bending rigidity of DNA (12–14). In a
recent AFM study, Japaridze et al. (15) reported that upon
DAPI staining the contour length of dsDNA remains
unchanged, whereas, the persistence length considerably
decreased up to 42%.

In contrast to DAPI, DRAQ5 (deep red fluorescent antra-
quinone dye Nr. 5) is less harmful for living cells due
to the long excitation wavelength in the red spectral range
(647 nm) (16). Furthermore it is membrane-permeable
and it can be multiplexed with many other fluorophores.
Consequently, it is an ideal choice for many live-cell ex-
periments. Yet, the binding mode of DRAQ5 to DNA is
still debated. Japardize et al. (15) and Martin et al. (17)
suggested DNA intercalation as the dominating binding
mechanism whereas Njoh et al. (18) concluded in their
molecular docking studies that the binding mode can
adequately be described by AT preferred engagement in
the DNA minor groove. A more competitive bi-mechanistic
interaction was suggested by Islam et al. (19) in their theo-
retical modeling experiments, however, without experi-
mentally investigating further associated nanomechanical
properties.

In this work, we investigated the DNA binding properties
of DRAQ5 by means of MT extension and overwinding ex-
periments within a force regime from 5 � 10�3 pN up to
10 pN. The well-known bis-intercalator YOYO-1 and the
minor groove binder DAPI served as a reference to interpret
and quantify the influence of DRAQ5 association on the
structural and nanomechanical properties of dsDNA. Within
this mechanistic picture we found that DRAQ5 exposes a
bimodal binding behavior. Our results consistently indicate
that at concentrations below 0.5 mM, DRAQ5 binds as a
minor groove binder whereas at higher dye concentrations
intercalation dominates.
MATERIALS AND METHODS

DNA sample preparation

We prepared l-DNA fragments (New England BioLabs, Frankfurt, Ger-

many) that were functionalized at one end with several biotins (Biotin-

14-dCTP, Metabion, Steinkirchen, Germany) and on the other side with

several digoxigenins (Dig-11-dUTP, Hoffmann-LaRoche, Penzberg, Ger-

many) according to a recently published protocol (20). The fragments

were repaired with PreCR Repair Mix (New England BioLabs, Frankfurt,

Germany) and stored in 10 mM PBS buffer (137 mM NaCl þ 2.7 mM

KCl (pH 7.4) at 25�C) at 4�C. The DNA fragments were attached via

several antidigoxigenins to the surface of a glass cover slip of a custom-

made flow cell. As a handle, streptavidin-coated magnetic beads with a

diameter of 1 mm (Dynabeads MyOne Streptavidin C1, Life Technologies,

Carlsbad, CA) were attached to the other DNA side. For that, the magnetic

beads (5 mg/ml) were gently mixed with DNA fragments (60 pM) into the

MT buffer and incubated for 15 min. Before every experiment we verified

the structural integrity of each probed DNA-molecule (nick-free) and its

torsionally constrained immobilization, and we acquired a reference hat

curve by MT overwinding experiments. Moreover we verified the contour

length by means of stretching experiments (21).
Fluorescent dyes

In the experiments we used three fluorescent dyes, namely YOYO-1, DAPI,

and DRAQ5. YOYO-1 iodide was purchased from Life Technologies (stock

solution 1 mM). DAPI was obtained from Sigma-Aldrich (Seelze, Ger-

many; stock solution 1 mg/500 ml). DRAQ5 was acquired from Thermo

Fisher Scientific (Ulm, Germany; stock solution 5 mM). Before the exper-

iments all three stock solutions were diluted with the MT buffer to con-

centrations from 1 nM to 10 mM.
Magnetic tweezers analysis

The used MT setup is a commercial system (PicoTwist, Lyon, France) and

has been described previously (21–23) (Fig. 1 a). The DNA-functionalized

beads were filled into the chamber of the flow cell, whose surface was func-

tionalized with antidigoxigenins (0.2 mg/ml, at 37�C for 2 h) and allowed to

rest for 20–30 min. Then, the flow cell was flushed with the MT buffer so

that unbound DNA-beads were removed. All force-extension experiments

have been taken from 5 � 10�3 pN up to an upper force limit of 10 pN.

The overwinding experiments were performed with a preset force of

0.2 pN. The DNA was stained within the fluid cell by means of flushing

the fluorescent dyes into the chamber with stepwise increasing concentra-

tions. To exchange the buffer completely a multitude of the fluid cell
Biophysical Journal 111, 1604–1611, October 18, 2016 1605
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volume was infused. Furthermore, the DNA was incubated for another

20 min to achieve thermodynamical equilibrium. To avoid crosstalk of

different dyes, we replaced the complete flow cell after every experimental

series. All experiments were performed in the MT buffer at 25�C. Of note,
we took special attention that DRAQ5 that was incubated in total darkness

according to the instructions of the manufacturer.
MT buffer

All the experiments were performed with the MT buffer that contained

10 mM phosphate buffered saline (137 mM NaCl þ 2.7 mM KCl

(pH 7.4) at 25�C) with 0.1 mg/ml additional bovine serum albumin

(Sigma-Aldrich) and 0.1% Tween 20 (Sigma-Aldrich).
Analysis of the data

The molecular stretching curves were fitted with the following worm-like

chain (WLC) model:

FP

kBT
¼ 1
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1� d

L

��2
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!
þ d

L
; (1)

for each dye concentration (24,25). Here, F, P, L(c), kBT, and d denote the

pulling force, the persistence length as a function of the dye concentration,

the contour length, the thermal energy, and the DNA molecular extension

(end-to-end distance), respectively. Furthermore, the correlation between

the fractional DNA elongation g and dye concentrations c were analyzed

by fitting it with the following McGhee–von Hippel model (26):

g

c
¼ a Ka

Dx

xbp
,

�
1� n g xbp

a Dx

�n
�
1� ðn� 1Þ g xbp

a Dx

�n�1
; (2)

where Ka is the equilibrium constant of association for intercalation, n is the

binding site size per dye molecule, xbp is the reference distance between two

base pairs (xbp ¼ 0:34 nm), Dx is the DNA elongation due to one binding

site of an intercalated dye, and a is a dimensionless geometrical factor

for intercalators like DRAQ5 (a ¼ 1) and bis-intercalators like YOYO-1

(a ¼ 2).
RESULTS AND DISCUSSIONS

To investigate the impact of dye association on the nanome-
chanic properties of DNAwe used a joined approach of MT-
based extension and overwinding experiments. MTs allow
the exact determination of the DNA end-to-end distance,
contour, and persistence length at full control of the DNA
helical twist. First, we performed extension experiments
while the twist was adjusted in such a way that the DNA re-
mained in the torsionally relaxed state in which it exposes
the maximum end-to-end length. The DNA was incubated
within the MT fluid cell at various dye concentrations for
20 min. We started with concentrations as low as 1 nM to
inhibit artifacts due to unspecific adhesion. The stained
DNA molecules were extended at zero twist to acquire
force-extension curves with a maximum force up to 10 pN
(Fig. 2, a, c, and e). After each extension step we allowed
the molecular system to settle down for ~5 s before the force
1606 Biophysical Journal 111, 1604–1611, October 18, 2016
and end-to-end distance were acquired with an integration
time of ~1 min. The force-extension data was approximated
to the WLC model to estimate the DNA contour and persis-
tence length and also to the McGhee–von Hippel model to
evaluate the equilibrium constant of association, the induced
length increase per associated dye, and the binding site size
in base pairs per dye molecule, respectively.
Contour and persistence length

By analyzing the YOYO-1 bis-intercalator we found a suc-
cessive shift of the force-extension curves toward larger
contour lengths ranging from elongations of 2.3% to 58%
at dye concentrations from 1 nM to 10 mM (Fig. 2 a).
This finding is in full accordance with recently published re-
sults (5). In contrast, the DNA persistence length remained
unchanged at ~50 nm independent of the dye concentration
(Fig. 2 b). Interestingly, reports on the impact of YOYO-1
association on the persistence length are not very consistent.
Kundukad and co-workers outlined the key data of various
publications that were acquired with different experi-
mental techniques such as optical tweezers or MTs, AFM,
and entropic force microscopy (10). There, minute or no
changes of the persistence length nicely matching our find-
ings stand in contrast to publications reporting on a sig-
nificant decrease (up to 70%). Though, when regarding
the experimental conditions under which these data are ob-
tained, a consistent scheme can be found: whenever the
DNA is incubated with YOYO-1 below the saturation con-
centration (i.e., less than one YOYO-1 per four base pairs),
no or only a small change of the persistence length was
observed (8,10). In contrast, when measurements have
been performed with a large excess of dye molecules
the DNA becomes more flexible, which corresponds to a
decrease of the persistence length (3–6). We ascribe this
to an additional unspecific adhesion like mono-intercalated
YOYO-1 and electrostatic interaction between the nega-
tively charged DNA backbone and the positively charged
dye molecule that generates an electrostatic shielding and
thus reduces the DNA stiffness (27).

Furthermore, we also tested the minor groove binder
DAPI in a concentration-dependent manner. According to
our data, DAPI binding to DNA has virtually no influence
on the contour length that can be deduced from the evolution
of the force-extension curves (Fig. 2 c). We furthermore
fitted our data to the WLC molecular elasticity model
(Eq. 1) and found no obvious elongation. However, we
observed a progressive but moderate reduction of the persis-
tence length from 48 to 44 nm for increasing dye concentra-
tions (Fig. 2 d), which is consistent with recent results (15).
As a consequence, we can conclude that minor groove bind-
ing leads to a moderate softening of the dsDNA.

By knowing the influence of intercalation and minor
groove binding on DNA nanomechanics, we now analyzed
the binding mode of the DNA dye DRAQ5. Interestingly,
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FIGURE 2 Force-extension curves of bare

and dye-complexed dsDNA (left column) for (a)

YOYO-1, (c) DAPI, and (e) DRAQ5. Open circles

represent experimental data whereas solid lines

stand for WLC fits. Persistence length in depen-

dence of dye concentration is shown (b, d,

and f). To see this figure in color, go online.

Nanomechanics of Dye-Complexed DNA
DRAQ5 exhibits characteristics of both, minor groove bind-
ing and intercalation (Fig. 2 e). At low dye concentrations
(<0.5 mM), we merely observed a decrease of the persis-
tence length from ~50 to 43 nm while the contour length re-
mained constant (Fig. 2 f). In accordance with our previous
findings this clearly indicates a minor-groove-like binding
mechanism. By further increasing the dye concentration
we found an incremental shift of the force-extension curves
toward a higher contour length (Fig. 2 e). Similar to the re-
sults obtained for YOYO-1, this indicates an intercalator-
like binding mode. Noteworthy, the increase of the contour
length is rather moderate. We estimated the maximum in-
crease to be 14% at a dye concentration of 10 mM. More-
over, the persistence length did not vary anymore at high
DRAQ5 concentrations (Fig. 2 f).
Fractional elongation and association constant

As shownbefore, intercalation induces an increaseof theDNA
contour length. This elongation can be used to further validate
and quantify the intercalating character of a bond. We plotted
the fractional elongationgðcÞ ¼ ðLðcÞ � L0Þ=L0 ¼ DL=L0 as
a function of the dye concentration c. Here L0 denotes the
contour length of bare DNAwhereas LðcÞ is the DNA contour
length as a function of the dye concentration. We approxi-
matedgðcÞ to theMcGhee–vonHippelmodel (Eq. 2) to deter-
mine the equilibrium constant of association Ka, the binding
site size per dye molecule n in base pair, and the DNA elonga-
tion per intercalateddyemoleculea�Dx, respectively (Fig. 3,
a and c). Because DAPI as a typical minor groove binder does
not affect the contour length, this analytical approach is not
applicable (Fig. 3 b).

For YOYO-1 the equilibrium constant Ka was calculated
to be ð3:5850:103Þ � 106 M�1, which is nicely supported
by previously published data (5). The apparently reduced af-
finity can be attributed to elution effects caused by the high
salt concentration of the PBS buffer (137 mM NaCl þ
2.7 mM KCl) (28). The binding site size was estimated as
n ¼ 3:2250:3 bp/dye. This comparably large value reflects
the fact that bis-intercalation inhibits the occupation of
adjacent base pair voids (29). This negative cooperativity
is referred to as ‘‘nearest neighbor exclusion principle’’
(30). The DNA elongation per intercalated molecule was
2,Dx ¼ 0:7250:082 nm/dye.

Analogously,we analyzed theDNAelongation byDRAQ5
bindingwithin the intercalating regime (c > 0:5mM).Herewe
Biophysical Journal 111, 1604–1611, October 18, 2016 1607
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FIGURE 3 Plots of the fractional elongation gðcÞ of (a) YOYO-1, (b)

DAPI, and (c) DRAQ5. Experimental data (open circles) are approximated

to the McGhee–von Hippel model (solid line in a and c). To see this figure

in color, go online.
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estimated an equilibrium constant of association of Ka ¼
ð1:4050:123Þ � 105 M�1 which, compared with YOYO-1,
is more than one magnitude smaller than for YOYO-1.
Furthermore, we estimated a binding site size of 3.13 5
0.286 bp/dye. Compared with a mono-intercalator such as
ethidium bromide (~2 bp/dye), one would expect a smaller
binding site size (31,32). However, as DRAQ5 exposes
1608 Biophysical Journal 111, 1604–1611, October 18, 2016
nonuniformbinding characteristics, theMcGhee–vonHippel
model might be of limited applicability. Probably, minor
groove and intercalative binding interfere with each other:
apparently, minor groove binding is favored in the first place
until a certain degree of binding sites is occupied. Then, inter-
calative binding dominates. Hence, the amount of free inter-
calative binding sites is reduced due to previousminor groove
association that in turn inhibits a high intercalation density
along the dsDNA. Therefore, the estimated binding-site
size appears larger than expected.

The intercalation of DRAQ5 to DNA seems to be a less-
pronounced secondary bindingmode. In linewith this finding
is also a comparably small elongation per (intercalative)
bond. We found a lengthening per dye molecule of Dx ¼
0:2450:020 nm/dye, which is nearly identical to data ob-
tained for ethidium bromide (Dx ¼ 0:25 nm/dye) (31).
Dye-induced unwinding

A crucial feature of MTs is the ability to apply torque to sin-
glemolecules.When rotatingmagnetic beads, attachedDNA
molecules are twisted in a controlled manner and plectone-
mic strands can be produced. These induced conformational
changes are often displayed as DNA supercoil curves
that expose the end-to-end distance d versus the number of
applied turns R (Fig. 1 b). Commonly, these are also referred
to as ‘‘hat curves.’’ In the low-force range (~ <0.5 pN), bare
dsDNA exposes a symmetric torsional behavior (33). There,
the peak of the hat curve denotes the rotational relaxed state
where the DNA exposes the maximum end-to-end distance.
Starting from here, the hat curve can be divided into two re-
gimes (Fig. 1 b). At low rotation numbers the torque that is
built up by the intrinsic torsional elasticity (torsional elastic
regime) of the DNA double strand goes along with a slight
decrease of the end-to-end distance. In contrast, at higher
rotation numbers the torque induces buckling of the DNA
double helix that leads to the formation of topological plec-
tonemes and a significant reduction of the end-to-end length.
The rotation number at the transition of these regimes is often
referred to as buckling number N (Fig. 1 b) (34).

To strengthen the results of our extension measurements
we acquired overwinding curves at pulling forces of
0.2 pN for all three ligands (Fig. 4, a, c, and e). First,
YOYO-1 was applied to torsional fixed but relaxed
(R ¼ 0) dsDNA with a stepwise increasing concentration.
The acquired hat curves expose a successive shift to nega-
tive rotation numbers and an increasing end-to-end distance
that indicates a gradual unwinding of the dsDNA (Fig. 4 a).
Evidently, YOYO-1 intercalation induces a supercoiling
that can be removed by applying rotations in the (nega-
tive) counterdirection (6,8,10). We estimated the untwisting
angle per dye molecule q as follows:

q ¼ DR

#
¼ DR

DL
, ða ,DxÞ; (3)
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FIGURE 4 Supercoiling curves (hat curves) of

dsDNA complexed with (a) YOYO-1, (c) DAPI,

and (e) DRAQ5. The data were acquired at a

load of 0.2 pN. (b, d, and f) Linear approximation

of the rotation-elongation plots allows to estimate

the unwinding angle per intercalated dye. The er-

ror of DL was found in the order of 10 nm where

DR occupied an error of about 5 1 turn. To see

this figure in color, go online.
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where DR quantifies the unwinding at different dye concen-
trations c, and # is the corresponding number of intercalated
dye molecules. The latter is calculated by the difference of
the DNA contour length DL divided by lengthening per dye
molecule a�Dx. Both quantities have been estimated in the
experiments before. We plottedDR versusDL and estimated
by q approximating the slope of the plot (Fig. 4, b, d, and f).
As a result, we obtained an angle of 0.088 5 0.0411 turns
per dye corresponding to q ¼ 31:68514:79� per dye for
YOYO-1.

In contrast, supercoil curves that have been acquired upon
association of the minor groove binder DAPI hardly differ
from those acquired with bare DNA (Fig. 4 d). We neither
observed a rotational shift nor a significant increase of
the end-to-end distance. This finding verifies that DAPI
minor groove binding does not induce supercoiling to
dsDNA and therefore elongation due to unwinding cannot
be observed.

The results of the rotation experiments of DRAQ5, which
are presented in Fig. 4 e, reveal features of both, minor
groove binding and intercalation. At dye concentrations
below 0.5 mM, DRAQ5 associates to DNA like a minor
groove binder that can be seen from the overlaying hat
curves (Fig. 4 e). At higher dye concentrations, the hat
curves yield a substantial shift to negative rotation numbers
and a slight increase of the end-to-end distance indicating
an intercalation-like binding mechanism. Notably, as inter-
calation apparently is a less-distinct secondary binding
mode, the increase of the molecule end-to-end distance
as compared with YOYO-1 is rather small (Fig. 4 e). We
calculated the unwinding angle within the intercalation
regime as described before and estimated an unwinding
of 0.036 5 0.0127 turns per dye that is equivalent to
q ¼ 12:9954:58� per dye (Fig. 4 f). However, the exact
quantity of q might be affected by potential crosstalk be-
tween minor groove binding and intercalation as the length-
ening per dye molecule Dx (Eq. 3) was estimated by the
McGhee–von Hippel model (Eq. 2).
Effects on torsional elasticity

Disregarding the shift to negative rotation numbers and an
increase of the end-to-end distance that has been discussed
above, we furthermore observed a substantial broadening of
the hat curves within the intercalation regime that can be in-
terpreted alongside within the picture of torsional elasticity
and the formation of topological plectonemes. There, the
buckling number N defines the crossover regime where the
Biophysical Journal 111, 1604–1611, October 18, 2016 1609
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ability of dsDNA to settle torsional stress along the strand is
exhausted and topological plectonemes are formed instead.
For YOYO-1 the buckling number shifted from N ¼ 6 for
bare dsDNA to N ¼ 40 at a concentration of 5 mM. Notably,
N was determined with respect to the new shifted center
of the hat curve. Furthermore, the hat curves continuously
flatten within the torsional elastic regime for increasing
dye concentrations (Fig. 4 a). In contrast, the plectonemic
regime (R> N) is virtually unchanged throughout the whole
experiment. The shift of the buckling transition to higher
rotation numbers together with the flattening of the hat
curves indicates that YOYO-1 binding softens dsDNA,
i.e., the ability to release torque along the double strands
is enhanced. Hence, more twists have to be applied until
buckling and the formation of plectonemes are induced.
To quantify the effect of intercalation we analyzed our
data within the following simplified torsional elasticity
model (23,32,34):

CðcÞ
C0

¼ LðcÞ
L0

,
N0

NðcÞ

ffiffiffiffiffiffiffiffiffi
PðcÞ
P0

s
; (4)
where the torsional elasticity of dsDNA in the presence

and absence of dye molecules are denoted by CðcÞ and
C0, respectively. Similarly, L, P, and N represent the contour
length, the persistence length, and the buckling number,
respectively. At a YOYO-1 concentration of c ¼ 5 mM we
observed a relative lengthening of LðcÞ=L0z1:59 and a
virtually unchanged persistence length PðcÞ=P0z1. More-
over a significantly reduced relative torsional elasticity of
CðcÞ=C0z0:24 was discerned. These results are consistent
with recently published data on the (mono-) intercalator
ethidium bromide (32).

In contrast, DAPI minor groove binding has only a very
small impact on the shape of the hat curves. At a concentra-
tion of c¼ 10 mM, the rotation-extension curve yields only a
minimal shift of the buckling number (N ¼ 6 -> N ¼ 8) and
a slight broadening of the torsional elastic regime (Fig. 4 c).
As DAPI does not unwind the dsDNA, we did not observe
any lengthening of the DNA contour ðLðcÞ=L0z1Þ. Never-
theless, the reduction of the bending stiffness (persistence
length) that we have seen in the extension experiments
ðPðcÞ=P0z0:88Þ has a considerable effect on the torsional
elasticity. Accordingly, we estimated a torsional softening
by a factor of 1.42 ðCðcÞ=C0z0:70Þ.

On the basis of these findings we can interpret the results
of DRAQ5 association on the torsional elasticity of dsDNA.
In the primary, minor groove binding mode (c < 0:5 mM) the
DNA softens due to the decrease of the persistence length
ðPðcÞ=P0z0:86Þ, whereas the shift of the buckling number
and the elongation of the contour length can be neglected.
Evidently, the torsional softening due to minor groove bind-
ing is rather moderate (by a factor of 1.61), which is consis-
tent with the results found for DAPI.
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At dye concentrations above 0.5 mM, where DRAQ5
intercalation dominates, the persistence length stays con-
stant and the buckling number increases significantly
(N ¼ 6 -> N ¼ 28). Furthermore, we observed an increase
of the contour length ðLðcÞ=L0z1:15Þ. Yet, this effect is un-
incisive, which probably is due to the fact that intercalation
itself is a less-pronounced binding mode. Finally, minor
groove binding and intercalation of DRAQ5 at the concen-
tration of 10 mM lead to a decrease of the torsional stiffness
by a factor of 4.35 ðCðcÞ=C0z0:23Þ.
CONCLUSIONS

In summary, we investigated the nanomechanical effects on
dsDNA due to dye association. Therefore, we used MTs to
perform various force-extension and rotation-extension ex-
periments in a concentration-dependent manner.

In case of the bis-intercalator YOYO-1 we found a signif-
icant increase of the contour length that we could attribute
to a gradual unwinding of the DNA double helix. In contrast
the persistence length remained virtually unchanged inde-
pendent of the YOYO-1 concentration. Presuming mono-
intercalation and unspecific adhesion of YOYO-1 to the
dsDNA backbone, we could provide a consistent expla-
nation for disparate reports concerning the impact of
intercalation on the persistence length. We furthermore
approximated our data according to the McGhee–von Hip-
pel model and estimated the binding site size per dye mole-
cule, the induced elongation per dye, and the equilibrium
constant of association that are well supported by recently
published works.

The minor groove binder DAPI caused no significant
elongation of the DNA contour length that is also supported
by our rotation extension experiments, where we could not
find evidence of DNA unwinding. In contrast, the persis-
tence length decreased substantially upon increasing the
DAPI concentration that is in agreement with recently pub-
lished data.

On the basis of these results we categorized the character-
istic phenomena of intercalation and minor groove binding,
respectively. Within this scheme we analyzed the DRAQ5
binding data and consistently identified a bimodal associa-
tion behavior: at low dye concentrations DRAQ5 associates
to DNA as a minor groove binder. We observed a decrease
of the persistence length but neither an increase of the con-
tour length nor an unwinding of the DNA double helix.

At high DRAQ5 concentrations, we found an intercalator-
like behavior, i.e., the lengthening of the DNA due to un-
winding at a constant persistence length. In the rotation
extension experiments dsDNA decorated with DRAQ5 sig-
nificant broadening of the hat curves that also clearly indi-
cate intercalation. Furthermore, we estimated a threshold
concentration at which the primary minor groove binding
declines and intercalation becomes the dominant binding
mode.
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Finally, we estimated the effect of dye association on the
torsional elasticity within the framework of a simplified
model. Interestingly, both minor groove binding and interca-
lation induce a reduction of the dsDNA torsional stiffness.
Yet, softening due to intercalation is the major contribution
whereas minor groove binding plays only a minor role. In
full accordance with our previous results the reduction
of the dsDNA elasticity due to DRAQ5 binding can be
divided into two ‘‘softening regimes’’: at low concentrations
of DRAQ5 (in the minor groove binding regime) torsional
softening is less pronounced whereas in the intercalation
regime the torsional elasticity drops by a factor of four.
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