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ABSTRACT

DNA-binding small molecules are widespread in the
cell and heavily used in biological applications.
Here, we use magnetic tweezers, which control the
force and torque applied to single DNAs, to study
three small molecules: ethidium bromide (EtBr), a
well-known intercalator; netropsin, a minor-groove
binding anti-microbial drug; and topotecan, a clinic-
ally used anti-tumor drug. In the low-force limit in
which biologically relevant torques can be accessed
(<10pN), we show that ethidium intercalation
lengthens DNA ~1.5-fold and decreases the persist-
ence length, from which we extract binding con-
stants. Using our control of supercoiling, we
measure the decrease in DNA twist per intercalation
to be 27.3+1° and demonstrate that ethidium
binding delays the accumulation of torsional
stress in DNA, likely via direct reduction of the tor-
sional modulus and torque-dependent binding.
Furthermore, we observe that EtBr stabilizes the
DNA duplex in regimes where bare DNA undergoes
structural transitions. In contrast, minor groove
binding by netropsin affects neither the contour
nor persistence length significantly, yet increases
the twist per base of DNA. Finally, we show that
topotecan binding has consequences similar to
those of EtBr, providing evidence for an intercalative
binding mode. These insights into the torsional con-
sequences of ligand binding can help elucidate the
effects of small-molecule drugs in the cellular
environment.

INTRODUCTION

The interaction of DNA with ligands is fundamental for
many cellular processes, including transcription and rep-
lication. When these ligands constitute low-molecular
weight organic compounds, they are generally referred

to as ‘small molecules’. Such small molecules, which are
either naturally occurring or chemically synthesized, can
partake in cellular processes such as signaling, but they are
also employed in a range of biotechnological applications,
e.g. DNA staining, as well as in a range of therapeutic
applications, e.g. in cancer therapy and as antimicrobial
drugs. Small molecules employ a variety of different DNA
binding modes such as intercalation (1), minor groove
binding and major groove binding (2-5). Recently,
advances in single-molecule manipulation techniques
have made possible the study of DNA-ligand interactions
at the single molecule level. For instance, force spectros-
copy experiments which can modulate the stretching force
on nucleic acids have investigated small molecule binding
both using optical tweezers (OT) (4,6-16) and atomic
force microscopy (AFM) (3,5,17). Similarly, the passage
of individual DNA molecules through small apertures
known as solid-state nanopores, allowing one to probe
its conformation, can likewise detect the presence of
small molecules (18). These techniques offer the possibility
of very precise, real-time detection on minute sample
quantities.

The primary mode in which single-molecule experi-
ments have been used to probe the mechanical properties
of single DNA molecules in the presence of DNA-binding
ligands is through the modulation of the stretching force
and simultaneous measurement of the DNA extension.
Single-molecule stretching experiments have provided
unique insights into how various ligands change the
force—extension properties of DNA (10,11,19). In turn,
such measurements can inform us about properties of
the ligands, for example they can be used to discern dif-
ferent binding modes (4,5). In the cellular environment,
however, not only DNA stretching in response to force,
but in particular also twisting and supercoiling of DNA in
response to torque are important parameters that control
the properties of cellular DNA. Supercoiling of DNA in
the cell is tightly regulated by topoisomerases (20,21) and
is suggested to play a role in gene regulation (22,23). The
twist and writhe of the DNA double helix that accompany
supercoiling can occasion structural changes in the DNA
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(24-29). Using single-molecule techniques to precisely
probe the effect of supercoiling on the binding of small
molecules, which are known to be sensitive to the shape of
the double-helix, could prove to be a particularly sensitive
tool to detect small molecule binding and have the poten-
tial to provide unique insights in the interplay of torque
and DNA-ligand interactions.

In this work, we present results using single molecule
magnetic tweezers (MT; Figure 1A) measurements to
probe the mechanical properties of DNA-binding ligands
under force and torque. In particular, we study three dif-
ferent molecules: ethidium bromide (EtBr), which is a
known DNA intercalator (Figure 1B) (30) employed in
the staining of DNA molecules during gel electrophoresis;
netropsin (31-33), an oligopeptide with anti-microbial
activity that binds in DNA’s minor groove (Figure 1C)
(34-36); and topotecan (TPT; Figure 1D), a
camptothecin-analogue and topoisomerase IB inhibitor
that is in clinical use as a chemotherapeutic (37-39). For
topotecan, both minor groove binding (40,41) and inter-
calation (42) have been suggested as interaction modes
with bare DNA. Our approach is to study in depth the
parameters that can be extracted from our single-molecule
approach using EtBr as a model system, and then, to dem-
onstrate the versatility of the approach, extend it to the
cases of netropsin and TPT. In the case of TPT, where the
mode of binding has been controversial, our results
indicate an intercalative binding mode.
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MATERIALS AND METHODS

We use a MT setup similar to that previously described
(Figure 1A) (43,44). Briefly, a CCD camera with a
sampling frequency of 120Hz is used to track 1.0pum
diameter, streptavidin-coated superparamagnetic beads
(Dynabeads MyOne, Invitrogen-Life Technologies)
tethered to the surface by single DNA molecules. As
tethers, we employ a 20.6-kb dsDNA construct with
0.6-kb handles on both ends containing multiple biotin
and digoxigenin labels, respectively (43). Flow cells are
made from microscope coverslips with parafilm spacers.
The bottom surfaces are coated with polystyrene and
functionalized with anti-digoxigenin antibodies. Prior to
the measurements, surfaces are passivated with bovine
serum albumin (BSA; 10mg/ml). Reference beads are
attached to the surface and imaged simultaneously with
the measurement beads to correct for mechanical drift.
Bead positions are tracked in x, y and z with an accuracy
of ~5nm. As magnets, we use gold-plated (Ni—~Cu—Ni—
Au), 5x 5 x Smm’ neodymium-iron-boron (NdFeB) per-
manent magnets (SuperMagnete, Germany) (45).
Measurements with EtBr and netropsin are performed
in phosphate buffered saline (PBS, 137 mM NaCl, 2.7mM
KCI, 10 mM phosphate buffer, pH 7.4) supplemented with
100 pg/ml BSA, 0.1% Tween and 5mM sodium azide.
Measurements with TPT are performed in 10 mM Tris—
HCl buffer, pH 7.4, similarly supplemented with

Figure 1. Experimental schematic and the structure of the small molecules under study. (A) Magnetic tweezers experimental configuration, in which
a single DNA molecule is tethered between a superparamagnetic bead on one side, and to a glass surface on the other side. The tethering occurs via
multiple attachment points, rotationally constraining the DNA. (B) Crystal structure of ethidium intercalated in double-stranded DNA [adopted
from (30)]. (C) Crystal structure of netropsin bound in the minor groove of double-stranded DNA [(36); PDB accession code 101D; figure was
rendered using VMD (72)] (D) Chemical structure of topotecan. As there is no crystallographic structure of TPT bound to bare DNA and as the
binding mode of topotecan to double-stranded DNA in the absence of topoisomerase IB is under dispute (see main text), we display the chemical

structure of the molecule alone.
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100 pg/ml BSA, 0.1% Tween and 5SmM sodium azide.
Measurements with a specific buffer and drug concentra-
tion are initiated by pumping at least 300—400 ul (=34
cell volumes) of the appropriate solution through the flow
cell and waiting for several minutes to allow for equilibra-
tion. We find DNA-binding to be reversible for all three
drugs investigated as judged from the fact that the DNA
force—extension and rotation—extension behavior (see
‘Results and discussion’ section) returns to that of bare
DNA after extensively flushing the flow cell with buffer
solution without any drug added (data not shown).
However, complete removal of the drugs from the flow
cell requires extensive flushing (>2ml buffer and
>30min time), which may be due to the intrinsic dissoci-
ation times of the drugs from DNA or due to residual
drug concentrations in the flow cell after initial flushing.
To ensure good control over the effective drug concentra-
tion, all measurements shown are initiated with DNA
molecules in the absence of drug and the drug concentra-
tion is only increased for subsequent measurement with
the same flow cell.

RESULTS AND DISCUSSION

The binding of small molecule ligands was investigated by
measuring their effect on the mechanical properties of
DNA, which can be monitored ecither by varying the
force on DNA and measuring the corresponding exten-
sion, or by varying the degree of supercoiling of the
DNA and again measuring the corresponding extension.
We performed these measurements for three types of small
molecules: ethidium bromide (Figure 1B), which we
employed as our model small molecule, followed by
netropsin (Figure 1C) and topotecan (Figure 1D).

DNA force—extension response in the presence of varying
concentrations of EtBr

We first performed DNA stretching experiments in the
presence of increasing concentrations of EtBr on torsion-
ally relaxed DNA. We ensured that the DNA was torsion-
ally relaxed by recording rotation—extension curves for
each EtBr concentration at a stretching force of
F = 0.25pN and adjusting the magnet rotation to center
the rotation curve; this procedure is described in detail in
the section ‘Rotation—extension response of DNA under
different stretching forces in the absence and presence of
EtBr’ below. The experiments for torsionally relaxed
DNA are analogous to measurements by optical
tweezers or AFM and allow for direct comparison of the
methods. As shown in Figure 2A, we focused on the
low-force limit below 10 pN for our force—extension meas-
urements: This is the regime in which biologically relevant
torques can be accessed following application of supercoil-
ing (28) and in which the DNA extension is well described
by the worm-like chain (WLC) model of entropic
stretching elasticity (46). Shown in dark blue is the
typical response of dsDNA to force in the absence of
drug. A fit to the WLC model (47) (Figure 2A, solid
dark blue line) yields values of the contour length
Lc=7.1+02um (mean and standard deviation from

Figure 2. Effect of EtBr on DNA force—extension curves. (A) Force—
extension curves for 20.6-kb DNA in the presence of increasing con-
centrations of EtBr. EtBr concentrations employed are (from blue to
red) 0, 0.1, 1, 10, 100, 1000 and 2500 uM. In the absence of EtBr, we
determine Lc=7.1 £02pum and Lp =47 £ 3nm for this 20.6-kb
DNA from fits of the WLC model, in accordance with literature
values (see main text). Upon addition of EtBr, it is readily observed
that the DNA extension increases. (B) The DNA contour length L.
determined from fits of the WLC model measured as a function of
EtBr concentration. The black line is a fit to the McGhee-von
Hippel model (see main text for details), with a binding constant
K~13x10°M~" and binding site size n~1.9. (C) The DNA
bending persistence length Lp from WLC fits as a function of EtBr
concentration, indicating that the bending persistence length decreases
with increasing [EtBr]. Data in panels B and C are the mean and
standard deviation from at least three independent measurements. In
panel A one typical experiment is shown for clarity.

12 independent measurements), in close agreement with
the expected crystallographic length of 7.0 um expected
for a 20.6-kb dsDNA. For the bending persistence
length we found Lp =47 +3nm, in agreement with
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previous measurements under similar buffer conditions
(45,48). We then added increasing concentrations of
EtBr (Figure 2A, curves from lightblue to red). At
any given concentration, force—extension curves could be
repeated over the given force range without a change in
the response of the molecule. The concentration of EtBr
was then increased prior to a subsequent measurement.
One can readily observe that the contour length of the
molecule increases as the EtBr concentration is increased:
compared to the contour length of bare DNA, the contour
length of DNA in the presence of 2500 uM EtBr increases
~50%. This observation is in agreement with previous
work using AFM and optical tweezers (5,9,49-51).
At this latter concentration, the increase in the contour
length is nearly maximal, as can also be seen
from the plot of contour length versus EtBr concentration
shown in Figure 2B. In addition to undergoing an increase
in its contour length following ethidium binding, the DNA
molecule also adapts its bending rigidity, as is shown in
Figure 2C where we plot the bending persistence length
versus the EtBr concentration. We observe a steady
decrease in the bending persistence length of DNA as
the EtBr concentration is increased to 2500 pM.

From the mechanical response of ethidium-bound
DNA to force, we can extract precise biochemical param-
eters such as the binding constant and binding site size.
For this we employ the McGhee—von Hippel model of
ligand-substrate binding (52), which provides the follow-
ing equation for the fractional number of molecules bound
per base pair, vy:

(1 —ny)"
(1 — ny+y)y"!

where C is the ligand concentration, K is the binding
constant (in M~') and #n is the binding site size (in base
pairs). If we assume that the binding of an cthidium
molecule increases the dsDNA contour length by
Azgg[which has been measured to equal 0.34nm (53)],
the number of bound ethidium molecules given an
observed  contour length Lc is  equal to
(Lc([EtBr]) — Lc([0]))/Azgsr, and  hence vy  equals
(Lc([EtBr]) — Lc([0]))/ Azgge Nop. The data of L versus
[EtBr] is well described by the resulting McGhee—von
Hippel relation (Figure 2B; reduced x* of the fit = 1.09)
and we extract a binding constant (association constant)
K=(13+04)x10°M"" and a binding site size
n=19+0.1. The value of the binding constant
compares favorably to results from optical tweezers ex-
periments in a high-force regime (10), which yielded
K=46x10°M"" and n=24 and to results from a
rotary bead assay in the absence of stretching force (54)
that resulted in fitted values of K=12x10°M~" and
n=1.8. Similarly, an experiment monitoring
EtBr-binding to DNA in solid-state nanopores yielded a
value of the dissociation constant Ky of ~15uM, corres-
ponding to a binding constant of ~7 x 10°M ™' (18). The
value of the binding site size n can be interpreted as
ethidium intercalation maximally occurring approximate-
ly every other basepair (55).

7/:
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Considering the dependence of the bending persistence
length on the EtBr concentration, we can estimate a
binding constant K~ 10°M~' by determining the EtBr
concentration at which the change in the persistence
length is at the midpoint of its range. However, the quan-
titative conversion from a change in bending persistence
length to a number of DNA bases bound with ethidium is
not straightforward, preventing us from independent
fitting to the McGhee—von Hippel model.

Effect of varying concentrations of EtBr on
torsionally constrained DNA

We next performed experiments on rotationally con-
strained single molecules of DNA, as this permitted us
to view the effect of ethidium binding on DNA twist.
For the torsionally constrained DNA in our MT assay,
we control the linking number Lk by rotation of the
magnets. The linking number is equal to the sum of
twist 7w and writhe Wir: Lk = Tw+ Wr (44,56). Tw is
the number of helical turns in the double helix and Wr
is the number of times the double helix crossed itself. For a
torsionally relaxed bare DNA molecule 7w = Tw, and
Wr =0, where Twy is the natural twist of DNA, equal
to number of base pairs divided by the helical pitch,
~10.5bp per turn.

Monitoring the extension as a function of magnet turns
at a low fixed force of F = 0.25pN, we observe the char-
acteristic response of bare DNA (Figure 3A, dark blue
symbols): Initially the change in Lk leads to elastic de-
formations of the DNA and a change in T7Tw.
Subsequently, the DNA buckles to form plectonemic
supercoils and the further increase of Lk is absorbed by
an increase in Wr, resulting in a linear reduction of its
end-to-end extension with increasing number of turns
(Figure 3A, dark blue Iline). At this low force
(F=0.25pN) the response of the DNA is symmetric
about Lk, (or zero applied turns): applying positive or
negative turns leads to formation of positive or negative
supercoils, respectively.

After flushing in buffer with a fixed concentration of
EtBr, we observe a very rapid decrease in the distance of
the magnetic bead from the glass surface, indicating a re-
duction of the DNA end-to-end extension. However,
rotation of the magnets towards negative turns, which
reduces Lk, leads to a subsequent increase in the length
of the tether, recovering qualitatively the typical symmet-
ric response of a DNA molecule to rotation, but at a
reduced linking number Lky([EtBr]). As the EtBr concen-
tration is subsequently further increased, again the
apparent tether length is reduced, but it can again be re-
covered by further reducing Lk, as is observed in
Figure 3A as one follows the curves from blue to red.
We observe that at the highest EtBr concentration
employed, 2500 uM, the maximum of the rotation—exten-
sion curve is shifted by more ~900 rotations compared
bare DNA. Closer inspection of these curves additionally
reveals an increase of their maximum extension with
increasing EtBr concentration, consistent with the length-
ening observing during stretching experiments with
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Figure 3. Effect of EtBr on DNA rotation-extension curves at low
force. (A) Rotation—extension curves for 20.6-kb DNA in the
presence of increasing concentrations of EtBr, taken at F = 0.25pN.
EtBr concentrations employed are (from blue to red) 0, 0.1, 1, 10, 100,
1000 and 2500 uM. Upon addition of EtBr, it is observed that rotation
of the magnets to negative turns is required to recover the maximum of
the rotation—extension curves, that the DNA length at this maximum
increases, and that the rotation—extension curves adopt a broader shape
with reduced slopes in the plectonemic regime. (B) Quantification of the
number of negative turns required to recover the maximum of the
rotation—extension curves in the presence of EtBr, as a function of
the EtBr concentration. From a fit to the McGhee—von Hippel model
(black line; see main text for details), we determine the unwinding angle
per ethidium intercalation event to be 27.3 £ 1°. (C) Quantification of
the slopes of the rotation—extension curves in the plectonemic regime in
the presence of EtBr, as a function of the EtBr concentration. Slopes
are analyzed in the plectonemic regime for positive supercoils (black)
and negative supercoils (red). Data in panels B and C are the mean and
standard deviation from at least five independent measurements.
In panel A one typical experiment is shown for clarity.

rotationally relaxed molecules. In addition, we detect a
broadening of the width of the curves and a decrease in
the slope of the curves in the plectonemic regime. We now
discuss these effects in more detail.

We can understand the shift in the center of the
rotation—extension curves following the addition of EtBr
by realizing that our DNA molecules are rotationally con-
strained: in that case, if the binding of a small molecule
occasions a change in the DNA Tw, compensatory
changes in Wr must occur (since for a fixed magnet
rotation Lk is constant). Changes in Wr, which is zero
for the case of relaxed DNA, result in a reduction of the
DNA end-to-end extension. Ethidium intercalation is
known to unwind the DNA, i.e. reduce its 7w (57). Wr
must therefore increase, decreasing the DNA end-to-end
extension, as observed in our experiments. Subsequent
rotation of the magnets towards negative turns reduces
both Lk and Wr, and leads to an increase in the DNA
extension, which peaks at the value of A7w induced by the
binding of the ethidium molecules. Plotting the shift in the
rotation curve centers versus the EtBr concentration
(Figure 3B; data are the mean and standard deviation
from at least five independent measurements), we
observe a binding curve similar to that determined from
the DNA extension. Using the values for K and n
determined from the stretching experiments (Figure 2),
we can again fit the McGhee—von Hippel model, but
now with the change in twist per intercaleted ethidium
molecule ATwgg, as a free parameter. From the fit, we
find ATwgg, = 27.3 + 1° (reduced x> = 1.6), in excellent
agreement with the value determined from bulk studies of
26 £ 3° (57). Alternatively, we can take the literature
value ATwgp, = 26 £ 3° as given and fit K and #n to the
shift in center position, yielding K = (0.9 + 0.1) x 10°M ™!
and n = 1.7 £ 0.2, in good agreement with the independ-
ently fitted values from the contour length data.

In the plectomic region, the extension in the rotation—
extension curves decreases linearly with the number of
turns (Figure 3A, solid lines). The fitted slopes, i.e. the
reduction in length per turn Az, decrease with increasing
concentration of EtBr (Figure 3C). We can understand
this behavior qualitatively by considering a simple elastic
model of DNA mechanics (44,56). We note that the simple
elastic model makes a number of simplifying assumptions
and describes experimental data only approximately
[<£25% error in the force range considered here (44,48)].
Nonetheless, this simple model is useful to explore the
observed trends since it has a minimum number of par-
ameters and does not require a numerical solution, unlike
more sophisticated models of DNA supercoiling [e.g.
(58-60)]. The simple model predicts that the size of a
plectonemic supercoil scales as the square root of the per-
sistence length: Az ~ /Lp (44,56). Thus, given the per-
sistence length of 47 nm measured in the absence of EtBr
as well as the persistence length of 29 nm measured at
saturating concentration of EtBr (Figure 2B), this simple
model predicts a reduction of the slopes of the rotation—
extension curves in the plectonemic regime of 4z(0 mM)/
Az(2.5mM) = (47/29nm)"*~ 1.3, compared to the
observed change in the slopes  Az(0mM)/
Az(2.5mM) ~ 1.5. The simple elastic model captures the
right trend, but quantitatively underestimates the change
in the plectoneme slope, which may be a consequence of
simplifying assumptions employed in the model. From the
dependence of the slopes of the rotation—extension curves
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versus increasing EtBr concentration, we can estimate a
binding constant from the concentration at which the
extent of the change in the slopes is at the midpoint of
its range, [EtBr];»~10pM. This midpoint is in good
agreement with the binding constants determined from
the changes in Lc or the shift of the rotation curve
centers. However, as in the case of the bending persistence
length, the conversion from a change in slope to a number
of ethidium molecules intercalated is not straightforward,
and, therefore, we did not attempt to fit the slope data to
the McGhee—von Hippel equation independently.

Rotation—extension response of DNA under different
stretching forces in the absence and presence of EtBr

To yield further insight into the effects of ethidium
binding to DNA, we carried out rotation—extension ex-
periments at different stretching forces in the absence of
EtBr (Figure 4A, shading darkens with increasing force)
and at saturating concentrations of EtBr (Figure 4B, same
color code as 4A). At forces below 1pN (lowest two
curves in Figure 4A), rotation—extension curves in the
absence of EtBr are symmetric and exhibit a buckling
transition and a linear decreases in the extension with
increasing turns at both positive and negative turns.
Buckling transitions at positive turns are indicated by
the dashed vertical lines in Figure 4A. At forces above
~1pN, bare DNA does not buckle when underwound
but denatures locally instead (27,61), which results in the
absence of a significant decrease of the tether length at
negative turns (Figure 4A, five highest curves). At forces
above ~6pN, DNA ceases to buckle even when
overwound due to the formation of P-DNA (27), an al-
ternative conformation of the DNA helix, causing the
rotation—extension curves to look approximately flat
(Figure 4A, highest two curves).

The response of DNA in the presence of saturating con-
centrations of EtBr to changes in its linking number at
various forces is shown in Figure 4B. For easy of com-
parison, the rotation—extension curves at saturating EtBr
concentration have been shifted by centering the lowest
force curve (F=0.25pN) to zero turns. Without this
offset, the center of the curve at F=0.25pN and
[EtBr] = 2.5mM is at ~—900 turns (Figure 3), making it
difficult to directly compare to the data recorded in the
absence of EtBr. The turn-offset determined for the
F=0.25pN curve was then applied uniformely to the
data taken at higher force values.

Comparing the rotation—extension curves at different
forces at saturating EtBr concentration (Figure 4B) to
the bare DNA data (Figure 4A), we observe several dif-
ferences, most notably: (i) a significant broadening of the
curves (which was already observed at F = 0.25pN in
Figure 3A); (ii) a corresponding increase in the number
of rotations (change in Lk) that need to be aplied to
induce buckling and the formation of plectonemic super-
coils (vertical lines in Figure 4 indicate buckling transi-
tions at positive turns); (iii) the appearance of a slope in
the region near the peak of the rotation—extension curve,
which in the case of bare DNA is typically flat; (iv)
continued buckling of the molecule at negative turns

Nucleic Acids Research, 2010, Vol. 38, No. 20 7127

Figure 4. Effect of saturating EtBr on the response of DNA to
rotation. (A) Rotation—extension curves for 20.6-kb DNA in PBS at
different forces, in the absence of EtBr. The forces employed are (dark
to light): 0.25, 0.5, 1, 3, 5, 7 and 10pN. (B) Rotation—extension curves
for 20.6-kb DNA in PBS at different forces, in the presence of a
saturating concentration of EtBr (2500 uM, see Figures 2 and 3).
Same forces and color code as in panel A. These curves are offset
such that the center is at zero turns according to the procedure
described in the main text, for ease of comparison. Ethidium binding
causes a number of changes in the rotation—extension curves, see main
text for details. For each force value one representative rotation curve
is shown in panels A and B for clarity; however, at least three inde-
pendent measurements for each force gave identical results, within ex-
perimental error.

(large decrease in Lk) as opposed to denaturation at all
forces; and (v) buckling at positive turns (large increase in
Lk) at forces at which the buckling transition for bare
DNA is suppressed (cf. data at 7pN in Figure 4). We
now discuss these observations in turn.

We first discuss the broadening of the rotation—exten-
sion curves in the presence of saturating [EtBr], which, by
comparing the x-axis in Figure 4A and B, occurs over the
entire force range examined (0.25-10 pN). Vertical lines in
Figure 4A (B) designate the number of turns nPN* (%)
that must be applied to the relaxed DNA (relaxed DNA
with EtBr) in order to induce buckling and plectonemic
supercoiling at positive turns. By noting where the lines
intersect the x-axis, we can readily see that buckling of the
DNA in the presence of saturating EtBr occurs at
nEBr > pPNA - Numerically, we find nDNA = 12, 25, 40,
72 and 102 at F = 0.25, 0.5, 1, 3 and 5SpN, compared to
nE‘BT: 55, 105, 175, 325 and 455 at the same forces,

yielding a ratio of nFBr/nPNA ~4.5 across all forces.
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There are a number of ways of interpreting this finding.
Fundamentally, a molecule will buckle if the energy
required to form plectonemes becomes less than the
energy stored in the elastic strain induced by additional
turns. Employing again the simple elastic model for DNA
introduced above (44,56), the buckling torque is approxi-
mately given by I'y = /kTLpF. Prior to the buckling
transition, the torque builds up linearly with the number
of turns n according to I' = (2nC/Lc)n, where C is the
torsional stiffness of the molecule, until the buckling
torque is reached at n = np,. Thus, the increased number
of turns required to observe buckling in the presence of
saturating [EtBr] may be interpreted as a decrease in the
torsional stiffness of DNA in the presence of saturating

[EtBr], according to: (CHEBr/CPNA) = (LEBr/L2NA)
nPNA J (LEBr/LONA) - Plugging numerical values

into this expression (L2NA =7.1pm, LE®B= 10.8 um,
nPNA [ BB~ 022, LPNA = 47nm and LE®T = 29 nm),
we obtain CFB/CPNA ~ 0.26, indicating that the
observed shift in the buckling transition could be ex-
plained by an ~4-fold reduction in the torsional stiffness
of DNA when bound by saturating concentrations of
EtBr.

However, a second effect that likely contributes to the
broadening of the rotation—extension curves and to the
shift in the buckling points upon addition of EtBr is a
torque dependence of ethidium binding. Examination of
the plateau regions in the rotation—extension curves about
Lko([EtBr]) reveals a negative slope at saturating [EtBr],
an effect that is particularly pronounced at higher forces
(compare Figure 4A and B, lighter traces). Here, the
end-to-end extension of the DNA increases as negative
turns are applied and decreases as positive turns are
applied. Interestingly, the extension is maximal not at
the center of the rotation—extension curve, as is the case
for bare DNA, but at negative turns, i.e. at a reduced
linking number. As length changes can be associated
with ethidium binding to the DNA duplex, these observa-
tions suggest that the application of a negative torque
stimulates ethidium binding, whereas the application of
a positive torque disrupts ethidium binding, i.e. this
suggests a torque-dependent binding constant (62)
[K = Kyexp(—16/kT)], similar to the observations for a
force-dependent binding constant at forces exceeding 5 pN
(10). Given that ethidium unwinds the DNA helix
(Figure 2), it seems plausible by Le Chatelier’s principle
that overwinding or positive torque should hinder binding
while underwinding or negative torque would promote
binding. The explanation for why we observe
nEBr > pPNA can also be re-examined in light of this ob-
servation: at positive torques, it may be possible to
decrease the torsional strain due to the overwinding of
the ethidium-bound DNA by unbinding of ethidium mol-
ecules, which changes the equilibrium helicity of the
molecule. Conversely for negative torques it may be
possible to decrease the twist by accommodating the inter-
calation of additional ethidium molecules, which unwind
the DNA (Figure 2). Both processes would decrease the
torsional energy stored in the molecule and delay the

transition to either buckling or denaturation. This
provides an alternative explanation to the decrease of
the torsional stiffness C for the broadening of the
rotation—extension curves in the presence of EtBr. We
note, however, that it is likely that both a decrease in C
and torque-dependent binding contribute to the observed
broadening, which future experiments should be able to
unravel in greater detail.

The last feature of the data in Figure 4 that we discuss
are the wings of the rotation—extension curves at high
forces in which Lk deviates the most from Lk, which
inform us about structural transitions of DNA. For bare
DNA (Figure 4A), we observe that at positive torques
twist accumulation is followed by buckling and a
decrease in tether extension up to forces of ~6pN, but
that at negative torques the same behavior is only
observed at lower forces. At forces of 1pN and higher,
the molecule’s extension at negative turns either decreases
less rapidly or stays nearly flat, a behavior that is
associated with a critical torque for denaturation that is
lower than the critical torque for buckling, which results in
the formation of denatured regions in the DNA duplex
(27,61). At a force of 1pN, an equilibrium between
buckling and denaturation is formed, whereas at higher
forces, denaturation dominates. In the presence of
saturating concentrations of FEtBr (Figure 4B), we
observe that buckling, as evidenced by a reduction in
DNA end-to-end extension, is still observed at negative
supercoiling even for forces as high as 10pN, a regime
where bare DNA denatures. As above, we can argue
that the critical torque for buckling should not differ
greatly in the presence or absence of EtBr, due to the
relatively weak (square root) dependence on changes in
the bending persistence length. Thus, the continued obser-
vation of buckling in the presence of EtBr therefore argues
that the critical torque for denaturation must have
increased in the presence of ethidium binding.
Alternatively stated, ethidium intercalation suppresses
the melting transition at F> 1 pN and negative torque,
and thus the binding of ethidium stabilizes dsDNA over
ssDNA. This is in line with observation that increasing
concentrations of EtBr help to suppress the DNA over-
stretching transition at F> 50pN (6,9), which has been
shown to involve DNA melting (63,64).

The presence of EtBr also appears to suppress the tran-
sition from B-form DNA to P-form DNA. In the absence
of EtBr, DNA does not buckle at positive turns at forces
above ~6 pN (Figure 4A, two highest curves) and instead
undergoes a transition to P-DNA (27,65). In contrast, in
the presence of saturating concentrations of EtBr we
observe buckling at positive turns at 7pN (Figure 4B,
second curve from the top) suggesting that the presence
of EtBr stabilizes the B-form of DNA relative to its
P-form.

Effects of the minor groove binder netropsin on
torsionally constrained DNA

The above experiments show how single-molecule ma-
nipulation including the application of torque can
unravel the binding behavior of ethidium molecules to
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Figure 5. Effect of Netropsin and TPT on DNA rotation-extension
behavior at low force. (A) Rotation—extension curves for a 20.6-kb
DNA in the presence of increasing concentrations of netropsin, taken
at F = 0.25pN. Netropsin concentrations employed are (blue to red): 0,
0.01, 0.1, 1, 10 and 100 uM. Upon addition of netropsin, it is observed
that rotation of the magnets by positive turns is required to recover
the maximum of the rotation—extension curves. (B) Quantification of
the number of positive turns required to recover the maximum of the

Nucleic Acids Research, 2010, Vol. 38, No. 20 7129

DNA. This technique can be extended to probe the
binding of different types of small molecules. To illustrate
the potential for uncovering different binding modes, we
have examined the effects of two additional small mol-
ecules on the rotational properties of DNA. Addition of
the minor groove binder netropsin to rotationally uncon-
strained dsDNA showed no significant changes in the
DNA extension, nor did it significantly influence the
value of the bending persistence length (data not
shown). However, rotation—extension curves taken on ro-
tationally constrained DNA following the addition of
netropsin revealed a shift of the rotation—extension
curves (Figure 5A, increasing concentrations of netropsin
are shown from blue to red; note that the lack of an effect
of netropsin binding on DNA extension can also be
observed from this panel). Interestingly, the binding of
the minor groove binder netropsin shifts the center of
the rotation—extension curves in the opposite direction
compared to the shift occasioned by ethidium binding,
corresponding to a increase in the twist per base upon
netropsin binding. Our observation of an increase in the
twist per base upon netropsin binding is in agreement with
the findings of bulk solution studies on circular plasmids
(31,32,35,66). In contrast, crystal structures of netropsin
bound to a short DNA oligomer found no change in DNA
twist (34,36). This discrepancy might be due to crystalliza-
tion artifacts or due to specific effects from the DNA
sequence used in the crystallization study. Our single
molecule measurements strongly suggest that netropsin
does increase the average twist per base when binding to
genomic DNA in solution.

Quantification of the number of positive turns required
to recover the maximum of the rotation—extension curves
in the presence of netropsin, as a function of the netropsin
concentration, is shown in Figure 5B. Assuming that
binding of one netropsin molecule overwinds the DNA
helix by 8°, which is a typical value for the range of
values reported from the bulk studies by Snounou and
Malcolm (32), this dependence can be fit to the
McGhee—von Hippel model in a manner exactly analo-
gous to that employed in the fitting of the EtBr data
(Figure 3B), and yields values of K =2.8x 10°M~" for
the binding constant and » = 11.2 for the binding site.
Using the value of 3.5° overwinding per netropsin
molecule reported by Triebel er al. (35), we obtain a

rotation—extension curves in the presence of netropsin, as a function of
the netropsin concentration (main graph). The black line is a fit to the
McGhee-von Hippel model (see main text for details), with binding
constant K = 2.8 x 10°M~" and binding site n = 11.2. (C) Rotation—
extension curves for 20.6-kb DNA in the presence of increasing con-
centrations of TPT, taken at F=0.25pN. TPT concentrations
employed are (blue to red): 0, 10, 100 and 1000 uM. Upon addition
of TPT, it is observed that rotation of the magnets to negative turns is
required to recover the maximum of the rotation-extension curves.
(D) Quantification of the number of negative turns required to
recover the maximum of the rotation—extension curves in the
presence of TPT, as a function of TPT concentrations. Symbols are
the mean and standard deviation from three independent measure-
ments. No binding model was fit to the data since saturation could
not be achieved due to the relatively low affinity and limited solubility
of TPT.
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similar qualitéy fit to the data (not shown) with parameters
K=63x10°M""and n = 5.1. A caveat is that netropsin
has a known preference for AT-rich sequences (2,32,35).
Fitting the simple McGhee—von Hippel binding model,
which assumes equivalent binding sites, is therefore a
crude approximation to a more complicated binding
model that would take into account these preferences.
Nonetheless, the data suggest that netropsin has footprint
on DNA of at least 5bp, significantly larger than that of
EtBr, in agreement with the crystallographic structure
(Figure 1C). In summary, we observe that our technique
can also readily inform on the binding of minor-groove
binders, despite the fact that they do not have significant
effects on DNA extension, in contrast to intercalators
such as EtBr.

Effect of the chemotherapeutic topotecan on torsionally
constrained DNA

Lastly, we have used our single-molecule rotation tech-
niques to probe the binding of a small molecule for
which the binding mode has been disputed, topotecan
(TPT). TPT is a topoisomerase IB inhibitor that binds
to the topoisomerase IB-DNA complex (67) and can in-
fluence the dynamics of supercoil removal (68,69). In
previous MT measurement we have detected no effect of
TPT on DNA in the absence of topoisomerase in the rela-
tively high ionic strength topoisomerase reaction buffer
(50-100 mM monovalent, 1-10 mM divalent ions) for con-
centrations below 10 uM TPT (68). To test whether TPT
binding to bare DNA is detectable by MT, we chose a
lower ionic strength buffer (~15mM monovalent, see
Materials and methods section) for this work and tested
TPT concentrations up to 1 mM. Measurement at higher
TPT concentrations were not possible due to solubility
limitations. We observe a clear effect of increasing TPT
on rotation—extension curves (Figure 5C). The rotation—
extension curves broaden and their centers shift to
negative turns (Figure 5B, inset) with increasing TPT con-
centration, compatible with a reduction in 7w as a result
of TPT binding. Due to the higher concentrations required
to observe an effect on the rotation—extension curves
compared to EtBr and netropsin, combined with the solu-
bility limitations that prevent reliable measurements above
1 mM, we were not able to probe TPT binding to DNA up
to saturation. Nonetheless, the trends observed upon TPT
binding, namely a significant broadening and shift of the
rotation—extension curves towards negative turns
(Figure 5C), are similar to our observations for ethidium
intercalation (Figure 3A). Consequently, our results
suggests an intercalative binding mode for TPT.

CONCLUSIONS AND OUTLOOK

In summary, we have employed single-molecule MT that
provide rotational control in addition to control of the
stretching forces in order to probe the binding modes of
small-molecule ligands to DNA. In the case of the
intercalator EtBr, studied in greatest detail, these experi-
ments confirm published measurements of the binding
constant and binding site size, as well as the reduction

of Tw occasioned by EtBr binding. They also provide a
new means to measure the change in 7w caused by the
binding of a single ethidium molecule, indicate the possi-
bility of torque-dependent intercalation potentially
coupled with a reduction in DNA’s torsional stiffness,
and demonstrate the stabilization of duplex B-form
DNA over single-stranded or P-form DNA by ethidium
binding. Our measurements can also readily distinguish
between intercalative binding and minor groove binding,
allowing one to directly establish the binding mode of a
small molecule. As these measurements are performed
with magnetic tweezers, which permit multiplexing (70),
it is expected that high-throughput versions of these
measurements can be implemented in a straightforward
manner. Furthermore, the recent augmentation of
magnetic tweezers with torque-monitoring capability
should in the future complete the analysis of small-
molecule binding (71, J. Lipfert et al., submitted for
publication).
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