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ABSTRACT

The mechanical properties of DNA fundamentally
constrain and enable the storage and transmission of
genetic information and its use in DNA nanotechnol-
ogy. Many properties of DNA depend on the ionic en-
vironment due to its highly charged backbone. In par-
ticular, both theoretical analyses and direct single-
molecule experiments have shown its bending stiff-
ness to depend on salt concentration. In contrast,
the salt-dependence of the twist stiffness of DNA is
much less explored. Here, we employ optimized mul-
tiplexed magnetic torque tweezers to study the tor-
sional stiffness of DNA under varying salt conditions
as a function of stretching force. At low forces (<3
pN), the effective torsional stiffness is ~10% smaller
for high salt conditions (500 mM NaCl or 10 mM
MgCl,) compared to lower salt concentrations (20
mM NaCl and 100 mM NacCl). These differences, how-
ever, can be accounted for by taking into account the
known salt dependence of the bending stiffness. In
addition, the measured high-force (6.5 pN) torsional
stiffness values of C = 103 £ 4 nm are identical,
within experimental errors, for all tested salt concen-
tration, suggesting that the intrinsic torsional stiff-
ness of DNA does not depend on salt.

INTRODUCTION

DNA is the carrier of genetic information in all cellular life.
In addition to its sequence, its polymeric and mechanical
properties are critical for its biological function. For exam-
ple, in our cells ~2 m of DNA are packed into ~10 um-

sized nucleus (1), involving a multitude of deformations and
DNA-protein interactions. In vivo DNA is negatively super-
coiled and both supercoiling and DNA packing play impor-
tant roles in gene regulation (2-7). In addition to its biologi-
cal role, DNA is emerging as a building block for artificially
created 3D nanostructures (8). A detailed and quantitative
description of DNA mechanical properties is a prerequisite
to understanding its biological roles and for its optimal use
as a construction material at the nanoscale.

At length scales significantly longer than 1 bp, DNA is
commonly modeled as an isotropic elastic rod, with a bend-
ing persistence length 4, stretch or Young’s modulus B, tor-
sional stiffness C and twist-stretch coupling D (9,10). All
four elastic constants have been determined for DNA in
vitro in a series of ingenious single-molecule manipulation
measurements (11-20). However, their values, in general,
can depend on solution conditions. In particular, salt con-
centration can strongly modulate DNA properties, as DNA
is highly negatively charged (21). In a classic argument,
QOdijk (22) and independently Skolnick and Fixman (23) de-
rived how electrostatic repulsion increases DNA bending
stiffness, 4, and how the bending persistence length can be
separated into a salt-independent and a salt-dependent con-
tribution. Subsequently, single-molecule stretching experi-
ments have determined the salt dependence of 4 for DNA
(24,25) and recently also for RNA (26,27) and indeed found
a reduction of 4 by ~20% going from low (<20 mM mono-
valent salt) to relatively high (=300 mM monovalent or ~10
mM divalent salt) ionic strength. However, the exact nature
and molecular details of this dependence remain an area of
active research (28-38).

The essence of the Odijk and Skolnick-Fixman argument
is that bending a charged rod will bring charges into closer
proximity, which will cost more energy if there are fewer
screening counterions and, therefore, the stiffness will be in-
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creased at low salt. In contrast, for a homogenously charged
rod, twisting the rod does not alter the distance between
charges, which would suggest the twist-stiffness not to de-
pend on salt. For real molecules the charges are localized,
though; in DNA, the phosphate groups carry the negative
charges under physiological conditions and it is not a priori
clear whether the torsional stiffness would depend on salt.

Several properties of DNA under torsional constraint,
in particular aspects of DNA supercoiling, are known to
strongly depend on salt concentration (39—42). Under suf-
ficient torsional stress, DNA undergoes a buckling transi-
tion and forms plectonemic supercoils. Due to electrostatic
repulsion, the diameter of plectonemic supercoils increases
with decreasing salt concentrations (43-46). In addition, the
critical linking number for buckling (19,47), the number of
plectonemes (48,49), as well as their dynamics (42) have all
been found to depend on salt concentration. However, plec-
tonemic supercoils involve strong bending and bring DNA
segments into close proximity and these observations, there-
fore, do not directly probe the torsional stiffness in isolation.
Neukirch suggested from theoretical analysis of magnetic
tweezers (MT) measurements on supercoiled DNA that the
torsional stiffness of DNA decreases almost 2-fold upon ad-
dition of millimolar concentrations of Mg?* ions (43). Sim-
ilarly, direct torque measurements using a rotor bead assay
suggested a small decrease of the torsional stiffness with
increasing ionic strength (~10% in going from buffer only
to ~150 mM monovalent salt and no additional decrease,
within experimental error, upon further addition of ~1.8 M
monovalent salt; at 10 pN stretching force) (50). In contrast,
Delrow et al. found an increase in torsional stiffness in flu-
orescence polarisation anisotropy (FPA) measurements by
~20% upon addition of 5 mM Mg?* (51). Finally, indi-
rect torque measurements by thermodynamic integration
(19) and Monte Carlo modeling (45) of MT measurements
on supercoiled DNA concluded the torque at and past the
buckling transition to depend on salt, but suggested little
dependence of the torsional stiffness on ionic strength. In
summary, the dependence of the torsional stiffness of DNA
on salt concentration and valence is currently debated, in
particular due to the lack of systematic and direct measure-
ments.

Here, we demonstrate multiplexed magnetic torque
tweezers (mMTT) that enable parallelized single-molecule
torque measurements. Using this experimental approach,
we determine the torsional stiffness of DNA as a function of
applied stretching force and salt concentration. Our mMTT
instrument is an extension of conventional MT that have
proven to be a powerful tool to investigate the torsional
properties of nucleic acids (10,52,53). In MT and mMTT,
molecules of interest are tethered between a flow cell sur-
face and magnetic particles (Figure 1). Bead positions are
tracked by video microscopy, which enables tracking of
many beads in parallel (54-56). Stretching forces are exerted
by applying external magnetic fields that pull the magnetic
particles upward. The forces can be calculated from the
magnetic field gradients by taking into account the induced
magnetization on the beads (57) and experimentally deter-
mined from analysis of the transverse fluctuations (52,58—
61). Conventional MT can apply torque by rotating the ex-
ternal magnetic field, which in turn rotates the beads, how-
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ever, they do not measure torque. Torque measurements on
individual DNA molecules in the MT have been achieved
using an indirect approach by thermodynamic integration
(19) and directly by tracking the rotation angle, either of a
rotor bead (15,17,50,62) or of the magnetic bead or assem-
bly (18,20,63-65). Our mMTT implementation employs an
optimized angle tracking protocol and magnet geometry to
extend the multiplexing capabilities inherent in MT mea-
surement to the torque dimension.

MATERIALS AND METHODS
Magnetic tweezers instrument

Measurements were performed with a home-built MT
setup. In brief, a light emitting diode (Osram Oslon SSL,
red, 165Im) is used to illuminate the sample, monochromati-
cally from above. An oil immersion objective (60 x Plan Flu-
orite with correction collar, NA 0.9 or 40x Plan Fluorite,
NA 0.75, Olympus) is placed on a piezo (Pifoc, P-726.1CD
and controller, E-753.1CD, Physik Instrumente) stage un-
derneath the flow cell holder. The flow cell is imaged with a
mirror (20D20ER.1, Newport) and tube lens (G322304000,
Newport) onto the chip of a camera (Falcon PT-41-4M60,
Dalsa). Magnets (see below) are placed on a motorized
arm, using a translational motor (C-863.11-Mercury con-
troller and M-126.PD2 motor, Physik Instrumente) and
a rotational motor (C-863.11-Mercury controller and C-
150.PD motor, Physik Instrumente) to control the mag-
nets’ rotation and position in Z. The flow cell outlet is con-
nected to a pump (ISM832C, Ismatec) for fluid handling
(66). The setup is controlled using a computer (DELL Pre-
cision T3600) equipped with a framegrabber (PCle-1433,
National Instruments) and using software written in Lab-
VIEW (National Instruments) described by Cnossen et al.
(56).

DNA construct and beads for MT measurements

Measurements used a 7.9-kbp DNA construct as previously
described (20). Specific and torsionally constrained cou-
pling of the DNA to magnetic beads (streptavidin-coated
1.0 wm diameter MyOne or 2.8 pm diameter M270 beads;
Life Technologies) and the flow cell surface was achieved
through ligation with ~600-bp polymerase chain reaction-
generated DNA fragments, comprising multiple biotin- and
digoxigenin-modified dUTP moieties (Jena Bioscience), re-
spectively. The DNA construct was first coupled to the
streptavidin-coated beads by incubating 5 ng of the DNA
construct with 2 pl of MyOne (or 5 wl M270) beads in a
final volume of 20 pl of phosphate buffered saline (PBS;
Sigma-Aldrich) for 12 min (5 min for M270 beads). The
DNA-bead solution was subsequently diluted into 100 wl
PBS and introduced into the flow cell.

Preparation of the flow cell

Flow cells were constructed by assembly of two glass cov-
erslips (24 x 60 mm, Carl Roth) separated by a sin-
gle parafilm (PARAFILM M, H666.1, Carl Roth) layer
that formed a flow channel used as the measurement
chamber. The bottom coverslip was first modified using
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(3-Glycidoxypropyl)trimethoxysilane (abcr GmbH), subse-
quently reacted for one hour with anti-digoxygenin (100
pg/ml in 1x PBS; Roche) and then passivated using a
commercial passivation mix (BlockAid™ Blocking Solu-
tion, Thermoscientific) for 1 h. After excessive flushing of
the flow cell using PBS buffer, the DNA-bead solution is
introduced and allowed to bind for ten minutes (MyOne
beads) or 50 s (M270 beads). Unbound beads are removed
from the flow cell by flushing with ~500 w1 PBS.

Bead selection

To verify that selected beads are bound to a single, torsion-
ally constrained DNA tether, several tests were performed
using conventional MT that employed a pair of cubic per-
manent magnets (5 x 5 x 5 mm’; W-05-N50-G, Super-
magnete, Switzerland), oriented in a vertical configuration
(57) with a spacing of 1 mm. First, the external magnets
are moved vertically to exert alternating forces of ~5 pN
(to fully stretch the molecule) and <0.01 pN (close to zero
force) in order to test the contour length of the tethers. The
measured change in extension is expected to be approxi-
mately the contour length of the DNA double-strand. Next,
magnets are rotated clockwise by 20 turns at high (5 pN)
tension to test for multiple tethers: At forces >1 pN, DNA
does not form plectonemic supercoils upon unwinding (cor-
responding to counterclockwise rotation), but melts instead
(67) and no decrease in the extension is expected for sin-
gle DNA tethers (Figure 2B). In contrast, if a bead is at-
tached via two or more double-stranded DNA molecules,
the molecules will form braids if the bead is rotated, caus-
ing a decrease in the molecule’s extension, independent of
stretching force. To select for beads that are coilable (i.e.
with a fully double-stranded backbone and attached via
multiple attachment points at both ends) magnets are ro-
tated by 20 turns in both directions at 0.6 pN to check for
DNA supercoiling (Figure 2A), which is seen in a decrease
in the detected extension. Finally, the flow cell was flushed
with ~500 pl of the appropriate measurement buffer, see
Table 1.

Magnetic torque tweezers configuration and measurement
protocol

Conventional MT do not allow direct measurements of
torque (20); for single-molecule torque measurements the
cubical magnets are, therefore, replaced by a set of cylin-
drical magnets (Figure 1A) that are assembled as a stack
of three ring magnets with an outer diameter of 6 mm, a 2
mm diameter aperture in the center and a height of 2 mm
per magnet (R-06-02-02-G, Supermagnete, Switzerland). A
cylindrical magnet with 3 mm diameter and 6 mm height (S-
03-06-N, Supermagnete, Switzerland) is used as a ‘side mag-
net’. This magnet configuration exerts an upward pulling
force (20,60) while providing a weak rotational trap suit-
able for torque measurements. Details and optimization of
the magnet configurations are further discussed below. Be-
tween rotating the magnets, we measured the angle fluctu-
ations at a fixed number of applied turns for 100-200 s for
MyOne and M270 beads. The characteristic time scales of
rotational fluctuations are ~0.1 and ~0.5 s for MyOne and
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M270 beads, respectively, in MTT representative for our
conditions (20,64,65). Our measurement intervals, there-
fore, correspond to >100 times the characteristic time scale
of angular fluctuations. We note that our camera integra-
tion time of ~17 ms (corresponding to the frame rate of 60
Hz) is significantly shorter than the characteristic time scale
of rotational fluctuations, making blurring and aliasing ef-
fects negligible (59,68). The rotation speed of the magnets
for under- and overwinding of the DNA tethers by integer
number of turns during torque measurements was set to 0.1
Hz.

Data averaging of multiple single-molecule measurements

Torque measurements on dsDNA were performed for a
range of forces and salt conditions (see ‘Results’ section and
Figures 2 and 3). In order to improve the signal-to-noise ra-
tio in the torque and extension versus turns measurements,
data for several independent DNA tethers were averaged
for each condition. First, the responses of multiple DNA
molecules to an applied number of turns were collected and
analyzed; subsequently, the curves were aligned to yield sin-
gle, averaged extension-rotation and torque-rotation curves
for each force and salt condition. For measurements at
forces of <1 pN, the rotation-extension curves are symmet-
ric about zero turns (Figure 2A). For alignment, a Gaus-
sian was fitted to the individual extension-rotation curves
of independent DNA molecules (Figure 2C). The position
of the maximum determined from the fit was defined as
Ly, the number of turns at which the molecule is torsion-
ally relaxed. The extension-rotation and torque-rotation
curves were shifted along the turns-axis by —Ly, to center
the curves before averaging. For the averaging of the exten-
sion curves at forces > 1 pN, a line was fitted to the constant
region at negative turn values (Figure 2C). The first exper-
imental value that fell below this line within experimental
error was determined as the buckling point. Each curve was
shifted along the turns-axis to align with the mean value of
the buckling point of all measured DNA molecules for a
given force and salt condition. Similarly, variations in the
absolute extension of the molecule at zero turns were ad-
justed by shifting the curves. Finally, all curves for a given
force and salt condition were averaged. For forces <1 pN,
the data where binned in bins of two turns prior to com-
puting the standard deviation (STD) and standard error
of the mean (SEM) for both torque and extension as a
function of applied turns (Supplementary Figure S13). For
forces >1 pN, data were directly averaged (Supplementary
Figure S14). Data points for each force and salt condition
consist of at least 10 (and up to 45) independently mea-
sured molecules from at least two independent measure-
ment runs, corresponding to an overall number of 475 mea-
sured molecules in this work. We note that the molecule-
to-molecule variability (as measured by their standard de-
viation) of torsional measurements, in particular of the
torsional stiffness, is about 10-20% in our current proto-
col, comparable with other single-molecule torque measure-
ments (19,20,50). This means that averaging over multiple
(=10) independent molecules is required to reduce the stan-
dard error of the mean sufficiently to be able to probe or
detect small changes. In the current study, we have system-
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Tris EDTA NaCl MgCl,
Salt 1 10 mM 1 mM 20 mM 0
Salt 2 10 mM I mM 100 mM 0
Salt 3 10 mM I mM 500 mM 0
Salt 4 10 mM 1 mM 100 mM 10 mM

Measurements were performed in TE-buffer at pH 7.4. Ionic strength was varied by the addition of NaCl (salt 1, 2 and 3) or a combination of NaCl and

MgCl, (salt 4).

0.1 02 03
Magnetic Field (T)

~
(c]

X (um) Time [s] Counts

Figure 1. Principle of magnetic torque tweezers. (A) A schematic of
mMTT. The molecules are tethered between magnetic beads and a glass
coverslip. Permanent magnets, placed above the flow cell, exert magnetic
fields, therefore enabling the application of forces and torques to the teth-
ered molecules. The beads’ positions are monitored by video tracking us-
ing an inverted microscope and monochromatic illumination. mMTT al-
low tracking of multiple beads in parallel (bottom left, red frames indi-
cate beads marked for tracking), here 36 M270. (B) In FOMT, the bead’s
anisotropy axis aligns with the vertical magnetic field, exerted by the cylin-
drical magnets. The bead’s motion is (torsionally) unconstrained and traces
out a doughnut-like shape in the (X, Y)-plane. (C) An additional side mag-
net in the (m)MTT slightly tilts the magnetic field. This leads to (weak) an-
gular trapping of the bead. Its motion in the (X, Y)-plan is confined to an
arc-like shape. (D) Simulations of the magnetic fields for FOMT (left) and
MTT (right) show that the difference in the magnetic field is small (large,
blue arrows). The yellow shaded areas in the magnetic field simulations
represent the width of the field of view. (E) The tracked (X, Y)-position of
the bead is transferred to polar coordinates. Upon turning the magnets N
times, the molecule exerts a restoring torque, causing a shift in the equilib-
rium position (® — @) of the rotation angle. Data shown are for F = 3.5
pN, going from N = —10 turns to N = +30 turns.

atically varied salt concentration and applied force for a to-
tal of 28 conditions; carrying out > 10 measurements for this
number of different conditions would have been impractical
in a ‘one-molecule-at-a-time’ regime, highlighting the need
for multiplexing.

RESULTS AND DISCUSSION

Principle of single-molecule torque measurements in mag-
netic torque tweezers

In MT, molecules of interest are tethered between a flow
cell surface and micrometer-sized magnetic beads or parti-
cles (Figure 1A). External magnets are used to apply both
forces and to control the rotation of the beads, therefore
enabling the application of precisely calibrated stretching

forces and control of the twist of the tethered molecules
(52,69,70). Magnetic torque tweezers enable the measure-
ment of torque at the single-molecule level by employing a
magnet configuration with a weak angular trap (Figure 1B-
D; see also below) and a tracking protocol that permits to
track the rotation of the molecule around the tether axis
(18,20,63,65). The basic principle of the torque measure-
ment is as follows: tracking the rotation angle @ initially for
a torsionally relaxed molecule, the mean of the bead’s rota-
tion angle ® indicates the equilibrium position of the ro-
tational trap and the magnitude of the fluctuations around
the equilibrium position allows us to calibrate the stiffness
of the angular trap (kror):

kror = ksT/ Var(®) = kgT/(Std(®))* (1)

where kg is the Boltzmann constant and 7 the absolute tem-
perature. After over- or underwinding the molecule by N
turns, the restoring torque exerted by the molecular tether
(Imo1) gives rise to a shift in the mean angle position to a
new angular position © y displaced from the initial equilib-
rium angle ®,. The molecular torque can then be simply
determined as the shift in mean angle multiplied by the ro-
tational trap stiffness (Figure 1E):

Lot = —kror < Oy — @ > 2

Multiplexed magnetic torque tweezers

‘We have optimized our magnetic torque tweezers protocols
to enable multiplexed measurements, i.e. to perform mul-
tiple single-molecule torque measurements in parallel. For
parallel measurements, it is desirable to employ molecu-
lar constructs that avoid the need for multi-component as-
sembly, such as the addition of a rotor bead to the DNA
or a fiducial marker bead or rod to the main magnetic
bead, to maximize the number of well-tethered and com-
plete molecular constructs in a single field of view (FOV).
In our mMTT scheme (Figure 1A), we therefore use simple
double-stranded DNA constructs, attached with one end to
the flow cell surface via multiple digoxigenin labels and to
commercially available magnetic beads via multiple biotin-
streptavidin linkages (see ‘Materials and Methods’ section),
identical to constructs used routinely in conventional MT.
We then exploit the particular geometry of bead fluctua-
tions under a cylindrical magnet with a predominantly ver-
tical field to track the beads’ rotation angles via their (X, Y)-
positions.

Tracking rotation angle from (X,Y)-position. 1f the mag-
netic field is aligned exactly vertically (the so-called freely-
orbiting MT or FOMT configuration with a single cylin-
drical magnet (60); Figure 1B), the bead is free to rotate
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about the tether axis and its thermal fluctuations trace out a
doughnut shape (Figure 1B) in the (X, Y)-plane (60). Impor-
tantly, this configuration allows tracking of the rotation an-
gle by conversion of the (X, Y)-position on the doughnut to
polar coordinates (60). While the FOMT configuration en-
ables observation of the unconstrained, rotational motion
of the bead, it does not allow inducing twist. By adding a
small magnet (or electromagnet (65)) to the cylindrical main
magnet (Figure 1C), the magnetic field is slightly tilted (Fig-
ure 1D). The tilted field provides a (weak) rotational trap
for the magnetic beads and their fluctuations in the (X, Y)-
plane no longer trace out the full circle, but an arc-like shape
(Figure 1C). The beads still experience an upward pulling
force in Z and the weak rotational trap enables to twist
the molecule of interest by rotating the magnet assembly
(20,60). Importantly, the position in (X, Y) can still be used
to track the rotation angle of the bead. In practice, it is not
necessary to align the magnets in FOMT configuration to
fit the doughnut pattern; instead, it is sufficient to record the
(X, Y)-position while rotating the magnets and to fit a circle
to the recorded trace in order to determine the radius of the
molecules movement around its tether axis, which is in turn
used to transform the recorded (X, Y)-position of the bead
to polar coordinates (Supplementary Figures S1 and 2).

Optimization of the setup and trap stiffness for parallel torque
measurements. There are conflicting requirements on the
stiffness of the rotational trap in MTT, which in turn de-
pends strongly on the magnetic field direction and strength.
Equation (2) implies that for a given molecular torque, the
shift in equilibrium angle is inversely proportional to the
trap stiffness. As a consequence, if the trap stiffness is too
high (>1000 pN-nm/rad, corresponding to Std(®) <4°),
typical torques exerted by DNA lead to very small shifts
in the equilibrium angle (<1°) that are difficult or impossi-
ble to measure accurately (20). In contrast, if the trap stiff-
ness is too low (<30 pN-nm/rad or Std(®) >20°), the bead
will not reliably follow the magnets’ rotation, therefore pre-
cluding systematic and controlled application of twist to
the tether (Supplementary Figure S3). For multiplexed mea-
surements, we have to ensure that the trap stiffness is within
these limits for the entire field-of-view (400 x 300 wm? at
40 x magnification and 260 x 190 um? at 60 x magnification
in our setup). In addition, it is desirable to have a homoge-
neous gradient of the field along the Z-direction to ensure
that all tethers experience similar stretching forces. To guide
and optimize the choice of magnet configuration to satisfy
these requirements, we carried out simulations of the axial
and radial fields for our MTT magnet configuration.

We calculated the magnetic field vectors for the magnet
configurations used in FOMT (Figure 1B) and (m)MTT
(Figure 1C) with the equivalent source method and exploit-
ing the superposition principle (Supplementary Figure S4)
(57,65). The cylindrical magnet with a hollow center used
in FOMT is equivalent to two superimposed solid cylin-
drical magnets with opposite magnetization and the effect
of the side magnet in the (m)MTT is added by considering
an additional, laterally offset cylindrical magnet. We cali-
brated the remanent field of our magnets through field mea-
surements using a Hall Probe (Supplementary Figure S5).
Furthermore we tested our field calculations against Hall

probe field measurements along Z and X and found ex-
cellent agreement (Supplementary Figures S6 and 7). The
magnetic field configurations for both FOMT and MTT
(Figure 1D and Supplementary Figure S8) have the field
and field gradient predominantly in the Z-direction. Impor-
tantly, the gradient of the magnetic field, which essentially
sets the force exerted on the beads, varies only by 0.5% over
400 wm in X (which corresponds to the largest extension of
the FOV used in this work) for the mMTT configuration.
The essentially constant field gradient implies that all teth-
ered beads in the FOV experience the same force, only lim-
ited by the ~10% variation in total magnetization for the
beads employed in this study (57,60,71).

For the FOMT configuration, the radial field (i.e. X or Y)
is zero directly under the cylindrical magnet, while adding
the side magnet in the (m)MTT configuration adds a field
component in X (Figure 1D and Supplementary Figure S8).
We found that for high-resolution torque measurement, in
particular with the larger M270 beads, it is advantageous
to lower the X-component of the field and, therefore, the
trap stiffness. A displacement by ~400 pm reduces the trap
stiffness ~3-4-fold, to 100-300 pN-nm/rad, compared to
the alignment centered on the cylindrical magnet (Supple-
mentary Figure S3). The rotational trap stiffness decreases
with increasing distance of the magnet from the flow cell
and, therefore, with decreasing force (Supplementary Fig-
ure S9). While the trap stiffnesses fall into the usable range
of 30-1000 pN-nm/rad for all studied forces, we found it ad-
vantageous for low force torque measurements to bring the
magnets closer to the flow cell (to 3-4 mm), corresponding
to forces of 3—6 pN, for the segments of the torque measure-
ment traces during which the magnets are actively rotated,
to ensure that the beads reliably follow the magnets’ rota-
tion.

For multiplexed torque measurements, it is important to
not only have uniform forces across the FOV, but also uni-
form rotational trap stiffnesses. We found the variation in
rotational trap stiffness for the same bead to only vary by
<10% at different positions across the FOV (Supplemen-
tary Figure S10). The variability across the FOV is much
less than the >20% bead-to-bead variability of the rota-
tional trap stiffness at the same position in the flow cell
(Supplementary Figure S10) that appears to stem from vari-
ations in the magnetic anisotropy of the beads employed
(70,72). In practice, the variability in rotational trap stiffness
is not a critical limitation, though, since the values tend to
fall into the workable range of trap stiffnesses and since the
same angle traces recorded for torque determination (Equa-
tion 2) are also used for the trap stiffness calibration via
Equation (1). In practice, after discarding beads that are at-
tached via multiple DNA tethers, nicked molecules or which
are too close to other beads (which leads to tracking errors),
we can simultaneously track currently up to 40 M270 beads
or 80 MyOne DNA-tethered beads.

Probing the torque response of dsDNA using mMTT

Our mMTT setup enabled us to systematically investigate
the response of dsDNA under different salt conditions. We
recorded the extension and the rotation angle around the
tether axis, which is converted to torque via Equation (2),
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Figure 2. Averaged extension-rotation and torque-rotation measurements
of dsDNA at varying forces. Measurements shown were recorded in TE
buffer at pH 7.4 with 100 mM NacCl. (A and D) At low forces (<1 pN; in-
dicated in the legend in panel D) the extension versus turn plot is symmetric
about zero turns. When applying a number of turns to the DNA molecule
(positive and negative), its extension stays constant, while the molecular
torque increases linearly. Beyond the buckling point (post-buckling) the
extension decreases linearly with each additional turn, while the molecular
torque stays constant. (B and E) For higher forces (> 1 pN; indicated in the
legend in panel E), no plectoneme formation occurs upon underwinding
the molecules. Instead, torque induced melting takes place at —10 pN-nm.
For forces >6 pN, no supercoiling occurs at all. Instead a transition from
B- to P-DNA occurs upon overwinding at 35 pN-nm. (C) Determination
of the buckling points (np; black triangles), the post-buckling slopes (black
lines) and Lk (only for symmetric extension-rotation curves). (F) A line fit
to the linear regime in the torque-rotation data (black line) is used to de-
termine the torsional stiffness (Cr). The mean of the constant plateau for
positive turns (beyond buckling) is used to compute the buckling torque
(T puck; black horizontal line).

while systematically over- and underwinding DNA tethers
(Figure 2). The extension versus rotation behavior of ds-
DNA depends strongly on the stretching force exerted on
the molecules. For forces <1 pN, the extension-rotation
curves for dsSDNA are symmetric around zero turns (Fig-
ure 2A). Zero turns correspond to the torsional relaxed
molecule. When the molecule is overwound (corresponding
to positive turns and torques) or underwound (correspond-
ing to negative turns and torques, respectively) at low forces
(Figure 2A) its extension stays initially approximately con-
stant. After a certain number of turns the buckling point np
is reached and the extension of the molecule decreases lin-
early with each additional turn of the magnets beyond the
buckling point. Simultaneously, starting at zero turns, the
torque exerted by the molecule increases linearly with the
number of turns up to the point where the buckling torque
is reached and the molecule undergoes the buckling transi-
tion (Figure 2D). Beyond the buckling point, the torque re-
mains approximately constant and additional turns create
additional turns of the plectonemic supercoils. The exten-
sion versus rotation curves become asymmetric for forces
>1 pN (Figure 2B) due to torque-induced melting that oc-
curs at —10 pN-nm (15,20,73) (Figure 2E). Positive super-
coiling occurs up to forces of ~6 pN. For the highest mea-
sured force, 6.5 pN, no buckling occurs at all, instead the
DNA molecules undergo a transition from B- to P-DNA at
~35 pN-nm (10,67,74) (Figure 2E).

The effective torsional stiffness of DNA can be deter-
mined from the experimentally measured torque versus
turns response, by fitting a slope to the linear region of the
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torque versus turn response (Figure 2F):
C@ff = LC/(ankBT) *Toor, N
= Lc/Q2rkpT) - (Uimot,n/ N) 3)

Here L is the contour length of the molecule and N the ap-
plied number of turns, thus Ceis in units of length and can
be interpreted as a twist persistence length, in direct analogy
to the bending persistence length A.

Extension-rotation and torque-rotation responses of dsDNA
in different salt concentrations. We systematically recorded
the extension and torque response of multiple DNA
molecules and averaged the results for each force and salt
condition (see ‘Materials and Methods’ section) including
a total of 475 DNA molecules. For the measurements we
chose a set of salt conditions (Table 1) that included mono-
valent salt concentrations from low (20 mM; ‘salt 1°) to
high concentrations (500 mM; ‘salt 3”), including a point
at near physiological monovalent salt concentration (100
mM; ‘salt 2°). In addition, we included measurements with
10 mM MgCl, added (‘salt 4); Mg”* is the physiologically
most abundant divalent ion and 10 mM Mg?" is a typical
‘high’ concentration, used e.g. to induce RNA folding in in
vitro measurements (21). We note that these salt conditions
cover the range typically used in in vitro studies of for e.g.
RNA folding, nucleic acid—protein interactions or nucleic
acid nanotechnology.

Averaged high-resolution extension-rotation and torque-
rotation data from mMMT measurements resolve a salt de-
pendence of dsDNA when applying turns (Figure 3). The
response in extension (Figure 3A—C) and torque (Figure
3D-F) are similar for salt 1 and 2 and for salt 3 and 4. For
further discussion we averaged the low salt conditions (salt
1 and 2, blue colors) and independently averaged the high
salt conditions (salt 3 and 4, green colors).

A large difference is observed between salt 1 and the
higher salt conditions at 0.9 pN: While the extension-
rotation curves are symmetric for the high salt conditions at
this force, the response for salt 1 is asymmetric, indicating
DNA melting upon underwinding. The lower salt concen-
tration leads to a relative destabilization of the DNA double
helix and thus to an earlier onset of DNA melting, consis-
tent with previous reports (67,75).

Buckling points. The buckling points correspond to the
number of turns at which the DNA molecule starts to form
plectonemes when being over- or underwound. Here we re-
port the buckling points in units of the supercoiling den-
sity (Figure 3G), which is the change in linking number
(i.e. the applied number of turns) normalized to the num-
ber of turns in the torsionally relaxed helix, 1 turn per 10.5
bp. The transition from an overwound (or underwound for
forces smaller 1 pN) but straight molecule (pre-buckling)
to a buckled molecule depends on the ionic surrounding.
For high salt concentrations (with less electrostatic repul-
sion) buckling occurs for a (slightly) lower number of ap-
plied turns, compared to low salt conditions (with stronger
ionic repulsion) (41,42,45). The observed buckling points as
a function of force are in reasonable agreement with a sim-
ple mechanical model of DNA due to Marko (76) (Figure
3QG), as discussed below.
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Figure 3. Averaged extension-rotation and torque-rotation responses of
dsDNA for different salt conditions. Averaged extension versus turns data
for four different buffers and corresponding averaged torque versus turns
data at 0.4 pN (A and D), 0.9 pN (B and E) and 2 pN (C and F). Blue
colors indicate measurements at low salt (salt 1 and 2); green colors indi-
cate measurements at high salt (salt 3 and 4; see Table 1 for salt conditions).
(G) (Normalized) buckling points as a function of force. We averaged salt 1
and 2 to low salt (blue) and salt 3 and 4 to high salt (green). (H) Post buck-
ling slopes, determined from the averaged extension-rotation data against
force. Same color code as in G. (I) Buckling torque derived from the torque
versus turn data. Color code as in G. Indicated with a filled, square symbol
is the measured transition from B-DNA to P-DNA at 6.5 pN. Co-plotted
in panels G-I is the Marko model (dashed lines) for dsSDNA with fixed pa-
rameters: C (110 nm), 4 (43 nm for high salt conditions and 48 nm for low
salt conditions) and Plowsaie = 20 nm or Phjghsaie = 15 nm.

Post-buckling extension-rotation slopes. As negatively
charged segments of DNA are brought into proximity in
plectonemes, the radius (the size) of the plectonemes is
strongly dependent on electrostatic interactions (41,45).
For low salt conditions overall ionic screening is small,
therefore electrostatic repulsion in the plectoneme is
larger compared to the higher salt buffers, giving rise to
a larger plectoneme radius and larger magnitude of the
post-buckling slope at lower salt (Figure 3H), in agreement
with previous measurements (19). The force-dependence
of the post-buckling slope follows an empirical power
law behavior, in quantitative agreement with the results
of Mosconi et al. (19) (Supplementary Figure S16A). In
addition, the force and salt dependence of the slope in the
plectonemic region are again reasonably well described by
the mechanical model for DNA (Figure 3H), as discussed
in the next subsection.

Buckling torque. The measured molecular torque of ds-
DNA increases linearly up to the buckling transition for
positive turns (41,45). We use the mean of the values in the
plateau in the post-buckling regime to compute the buck-
ling torque. Buckling torque increases with increasing force
(see also Figure 2). The observed values are slightly lower
for high salt compared to low salt (Figure 31). Due to elec-
trostatic repulsion at low ionic strength, dsDNA is able to
store more molecular torque compared to high salt before

undergoing the buckling transition. We observe the force-
dependence of the buckling torques to follow the empirical
power law proposed by Mosconi et al. (19) (Supplementary
Figure S16B).

The observed buckling torques are in good agreement
with the mechanical model by Marko (76) (Figure 31). To
fit the buckling points, slopes in the plectonemic regime and
buckling torques in the framework of the Marko model,
we used a fixed value for the intrinsic torsional stiffness C
= 110 nm and the known values 4 = 48 and 43 nm for
the bending persistence length at low and high salt, respec-
tively. Our choice of C, notably taken to be independent of
salt concentration, is a consensus value from previous stud-
ies (15,20,77) for the intrinsic torsional stiffness of DNA,
corresponding to the high-force limit (see below). The val-
ues for the bending stiffness 4 under low and high salt
conditions are typical average values for the correspond-
ing salt conditions obtained in a number of different single-
molecule studies (12,25-27,78) (see Supplementary Figure
S1k of Ref. (27) for an overview). The stiffness of the plec-
tonemic state P at low salt and high salt was first fitted in-
dividually to the buckling points, slopes in the plectonemic
regime and the buckling torque data. We then averaged the
resulting values for P and found P = 20 + 4 nm and P =
15 4+ 4 nm for low salt and high salt, respectively. We note
that our value of 20 & 4 nm at low salt is in agreement with
the range of 21-27 nm suggested for these salt conditions;
in addition, the observed decrease of P at high salt is as pre-
dicted by Marko (76).

In summary, our data on the behavior of DNA post-
buckling is in agreement with previous results (19,41,45)
and the effect of salt on DNA at the buckling point and in
the post-buckling regime is at least semi-quantitatively de-
scribed by the twistable worm-like chain model taking into
account the known change in the bending persistence length
and adjusting the torsional stiffness of the plectonemic state
P. We find P to be 30% larger under our low salt conditions
compared to high salt, which likely reflects the fact that in
the plectonemes the DNA is sharply bent and segments of
DNA are brought into close proximity.

The twist persistence length Co. - Next, we focus on the pre-
buckling regime, which does not involve large, plectonemic
deformations of DNA and is dominated by the effective tor-
sional stiffness of DNA. Using our mMTT data, we deter-
mined the effective torsional stiffness C,r of DNA at vary-
ing forces and salt concentrations (Figure 4A), by fitting
a slope to the torque versus applied turns data in the pre-
buckling regime (Equation 3 and Figure 2F). The fitting re-
gion was kept constant for each force and it was carefully
selected to only fit to the linear part of the curve, excluding
data in the plectonemic and melting regimes.

The effective torsional stiffness increases with force for
all salt conditions from ~45 nm (at 0.2 pN) to ~100 nm (at
6.5 pN). The decrease in effective torsional stiffness with
decreasing force is due to correlations between bending and
twisting (77,79) (see below) and has been seen in a number
of previous studies (19,20,50,60,63).

Overall, the C,y values appear similar for the different
salt concentrations, irrespective of the valency of the ions
used (Figure 4A). At the measured high forces (3.5 and 6.5
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Figure 4. The effective twist persistence length of dsDNA for different salt
conditions. The effective twist persistence length C,pas a function of force
and salt. Data points are the means and standard errors of the mean from
10-45 independent molecules for each salt and force condition. (A) Cep
increases strongly with force, saturating for high forces at ~100 nm for all
salts. See Table 1 for salt conditions. (B) C,y for all four salt conditions at
0.4 pN and 6.5 pN. Color code as in A. (C) low salt (salt 1 and 2, blue)
versus high salt (salt 3 and 4, green) torsional stiffness data (see main text)
show a trend to be slightly lower for higher salt concentrations. The MN
model is co-plotted (solid line), with fixed values C = 110 nm and 4 = 48
nm (low salt, blue) and 4 = 43 nm (high salt, green). (D) The ratio of the
low saltCopy data and the high saltCoz as a function of force. Two models,
the MN model (black line) and the aTWLC model (black squares) are co-
plotted with the experimental data (red circles).

pN), the measured torsional stiffness values converge and
at 6.5 pN C,is identical, within experimental errors, for all
salt concentrations (Figure 4A and B). However, for lower
forces (F < 3.5 pN) small but systematic differences between
the different salt concentrations are apparent: the lower salt
concentrations tend to give rise to higher C,y values in the
low force regime (Figure 4A and B). Running an n-way
ANOVA on the C, values with salt and force as factors, we
find that C, varies statistically significantly with force (P =
1.3-107>*) and salt (P = 0.046). For clarity, we again aver-
aged the two low salt concentrations and the two high salt
concentrations; the resulting averaged values show the trend
even more clearly (Figure 4C): An n-way ANOVA with salt
and force as factors finds P = 0.0069 for the dependence on
salt and P = 6.6-10~ for the dependence on force. We note
that the same trends are observed when measuring individ-
ual molecules under the different conditions (see e.g. Sup-
plementary Figure S12); however, given the measurement
uncertainty of ~10-20% standard deviation, we focused on
the averaged values for each conditions to draw statistical
significant conclusions.

The effective torsional stiffness is independent of salt con-
centration at high forces (F > 6 pN), but systematically and
statistically significantly lower for high salt in particular in
the intermediate force regime (0.9-2.0 pN) (Figure 4C). The
fact that the effective torsional stiffness deviates from the
‘true’ intrinsic torsional stiffness value and decreases with
decreasing force has been investigated before and can be
(at least qualitatively) understood by taking into account
the coupling between bending and twisting fluctuations, in
particular using the perturbative model by Moroz and Nel-
son (MN). Taking into account the known dependence of
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the bending persistence length on salt (and assuming a salt-
independent value for the intrinsic torsional stiffness), the
MN model predicts relative differences between the high
and low salt conditions that are in good agreement, within
experimental errors, with our measurements (Figure 4D,
solid black line; reduced x? = 1.0). In contrast, the data
are less consistent with the ratio of C,y at low versus high
salt being equal to one (Figure 4D, dashed horizontal line;
reduced x2 = 1.92).

Unfortunately, the MN model does not quantitatively ac-
count for the force dependence of C,; and overestimates
C,y at intermediate and low forces (0.2-2 pN) (Figure 4C).
This shortcoming of MN theory has been described and in-
vestigated in a number of recent publications. Extensions
of the MN model have been proposed, to account for the
systematic deviations between the MN model and exper-
imental data (80). One particular extension of MN is to
extend the underlying isotropic rod model to include an
anisotropy, i.e. distinguish between bending deformations
between the two orthogonal directions that are perpendic-
ular to the helix axis. First introduced by Marko and Siggia
(81), this anisotropic rod model (ATWLC) has recently been
investigated by Nomidis et al. by extensive coarse grained
computer simulations (Nomidis, S., Kriegel, F., Vanderlin-
den, W., et al.; in preparation); the results suggest that in-
troducing a non-zero twist-bend coupling constant (which
is zero by definition in the isotropic rod model) can quan-
titatively account for the previously published C,; versus
F data. Unfortunately, our current implementation of the
coarse grained model does not explicitly account for electro-
statics. However, again taking into account only the changes
in bending persistence length with salt and keeping the in-
trinsic torsional stiffness fixed, the aTWLC model predicts
differences of the high and low salt values for C, very simi-
lar to the MN model and consistent with experimental data
(Figure 4D, black squares; reduced x> = 1.15).

CONCLUSION

We have developed and optimized an mMTT setup that
enables parallel measurements of torque at the single-
molecule level. Our mMTT approach is based on exploiting
the particular geometry of DNA-tethered magnetic beads
under a cylindrical magnet with a small side magnet, which
allows us to track rotation angle from the beads’ motion in
(X, Y). Using the mMTT implementation, we have obtained
averaged extension-rotation and torque-rotation curves for
DNA at varying salts and forces to, in particular, probe the
effect of ionic conditions on the torsional stiffness of DNA.
While we find the effective torsional stiffness to be ~5-10%
smaller for higher salt concentrations for forces <3 pN, C,y
converges at high forces and there are no significant differ-
ences between salt conditions at 6.5 pN. The differences in
the effective torsional stiffness at lower forces can be ratio-
nalized by mechanical models that only take into account
the known change in the bending persistence length with
salt and that assume a constant value for the intrinsic tor-
sional stiffness of DNA. In summary, our results strongly
suggest that while many properties of DNA under torsional
strain, in particular of plectonemes, are salt-dependent, the
intrinsic, high-force torsional stiffness of DNA is indepen-
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