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Magnetic tweezers have emerged as a 
powerful tool for studying DNA–protein 
interactions at the single molecule level 
(1–8). They are well-suited for experiments 
applying controlled forces on macromo-
lecular tethers while monitoring their exten-
sions (the latter are subject to thermal 
fluctuations and, thus, measured exten-
sions are thermally averaged). Tethers have 
superparamagnetic particles attached to 
one end that are subject to forces in the 
0.1 piconewton (pN) to 100 nanonewton 
(nN) range when placed in non-uniform 
magnetic fields (sufficient to saturate the 
particles) (3,9,10). The magnetic fields are 
produced using permanent magnets or 

electromagnets (11,12). The twist of DNA 
can also be manipulated by rotating the 
magnets (2). Recent designs allow simul-
taneous and independent application of 
forces and torques (13,14), and one report 
(15) describes a way to decouple twist 
fluctuations from applied forces. Other 
developments include a portable version 
(16), a design with sub-nanometer extension 
precision (17), a magnetic system for 
steering beads (18,19), integration of a very 
high speed camera (20), magnetic micro-
manipulation of confined DNA (21), and use 
of proteins (instead of DNA) as tethers (22).

DNA in magnetic tweezers is typically 
attached to one end of a microscope 

coverslip, with the other end connected to a 
1-mm scale superparamagnetic particle (1). 
Above the sample cell is a magnet system 
for force generation leading to pulling 
forces in the vertical plane. This design is 
sometimes referred to as vertical magnetic 
tweezers. Its strengths include simplicity, 
the ability to control DNA topology with 
minimal modifications, and the relative 
ease with which tethered DNA can be 
located. It is also the most commonly 
used variant, which facilitates inter-lab 
data reproducibility studies. However, in 
its simplest configuration, the drawbacks 
of the vertical magnetic tweezers set-up 
include the requirement to re-acquire 
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We report the development of a simple-to-implement magnetic force transducer that can apply a wide range of 
piconewton (pN) scale forces on single DNA molecules and DNA–protein complexes in the horizontal plane. The 
resulting low-noise force-extension data enable very high-resolution detection of changes in the DNA tether’s 
extension: ~0.05 pN in force and <10 nm change in extension. We have also verified that we can manipulate 
DNA in near equilibrium conditions through the wide range of forces by ramping the force from low to high and 
back again, and observing minimal hysteresis in the molecule’s force response. Using a calibration technique 
based on Stokes’ drag law, we have confirmed our force measurements from DNA force-extension experi-
ments obtained using the fluctuation-dissipation theorem applied to transverse fluctuations of the magnetic mi-
crosphere. We present data on the force-distance characteristics of a DNA molecule complexed with histones. 
The results illustrate how the tweezers can be used to study DNA binding proteins at the single molecule level.

Reports

METHOD SUMMARY
We describe horizontal magnetic tweezers capable of high-precision extension measurements on DNA molecules attached to two 
beads. The resulting differential extension measurement leads to passive drift compensation and low noise extension measurements.
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tethered magnetic beads as they move in 
and out of the focal plane with changes 
in extension and susceptibility to sample 
cell drift. Modifications have been made 
to generate large forces (3,10), and near-
Brownian-limit extension measurements are 
possible by counting the diffraction rings 
from beads (3,23,24). Feedback-based 
active compensation of sample chamber 
drift has also been implemented (6,25) and 
is required for long-duration (~1 h) measure-
ments. However, these improvements lead 
to considerable design complexity.

Another possibility is to apply tension 
on tethers in a horizontal orientation 
(25–29). This simplifies extension measure-
ments since calibration between vertical 
displacement and diffraction ring counts 
is not required. Moreover, when used with 
DNA tethers with non-magnetic beads on 
one end and superparamagnetic beads on 
the other, extensions can be obtained by a 
differential measurement technique allowing 
passive drift cancellation, a feature thus far 
exploited mainly for optical tweezers (30). 
Indeed, Yan et al. (26) developed such a 
scheme using a combination of micropi-
pette aspiration on the non-magnetic bead 
and a permanent bar magnet to apply 
magnetic forces on the superparamagnetic 
bead. However, their open cell design led to 
increased buffer evaporation and coupling 
to noise sources. Horizontal tweezers 
based on single-bead tethers (with direct 
attachment of the other end of the tether to 
a glass coverslip) have also been reported 
(25,27–29). Here, a major concern is deter-
mining the position of the tether attachment 
point or of a fiducial mark on the coverslip. 
A number of calibration schemes are used, 
for example, fringe counting, (27) or the 
overstretching transition (25). However, 
these procedures are sensitive to stage drift, 
requiring stage stabilization methods (6,25) 
that increase system complexity.

Here we report the development of 
simple-to-implement yet versatile horizontal 
magnetic tweezers using linear DNA tethers 
connected to 2 beads that can be built for 
$50,000. (Supplementary Table S1 provides 
a comprehensive list of components, 
vendors, model numbers, and prices.) While 
our instrument is a refinement of the ideas 
presented in Reference 26, we go beyond 
that work by (i) incorporating a sample cell 
with a single, narrow open slit that minimizes 
buffer evaporation and coupling to pressure 
fluctuations at the open interface; (ii) by using 
a second micromanipulator to indepen-

Figure 1. Principle of horizontal magnetic tweezers. (A) The tweezers use a glass micropipette (~1.5–2.5 
µm opening) to aspirate and manipulate a non-magnetic microsphere with a DNA tether. The other end of 
the tether has a superparamagnetic microparticle attached to it. Forces ranging from 0.1 pN to 20 pN (and 
higher) can be achieved by adjusting the DNA–magnet distance from 2000 µm to 300 µm. We use a bar 
magnet (1 mm × 2 mm × 4 mm) and define the origin at the center of the inward facing 4 mm × 1 mm mag-
net wall. The long axis (4 mm) of the magnet is positioned parallel to the aspiration micropipette. The plane of 
the paper is the plane of focus in this figure.  (B) A block diagram showing the layout of the system. See Sup-
plementary Figure S2l for an annotated photo of the assembled system showing most of the system compo-
nents.  (C) The design of the sample cell (cell for short) is shown. Its construction is described in the text. From 
the open side, we can introduce the aspiration pipette to capture bead–DNA pairs. Independent three-axis 
micromanipulators (not shown) are used to position the pipette and the cell above the objective. The pipette 
and the sample cell move independently over the 40 ×, 0.65 NA microscope objective (not drawn to scale).
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dently manipulate the aspiration and protein 
microspray pipettes (both pipettes are fixed 
relative to each other); (iii) by placing the 
pipette micromanipulator on a rail system 
rigidly fixed to the microscope to increase 
stability; and (iv) by floating the stage on a 
separate motorized micromanipulator that 
enables ease of use and adjustment of the 
separation between the superparamag-
netic particle and the magnet. As a result, 
forces in the 0.01–20 pN range can be 
exerted and adjusted with minimal pertur-
bation to protein-bound DNA tethers, while 
high precision measurements—for forces, 
0.01 pN, and for extensions, <10 nm—are 
achievable. Our design minimizes the need 
for costly and complex instrumentation by 
using differential measurements instead 
of active drift compensation for hour-long 
experiments; however, a limitation is that 
DNA topology cannot be manipulated in a 
straightforward way.

Materials and methods
Magnetic tweezers
DNA end-functionalization, bead prep, 
DNA-bead tethering, WIF-B cell culture, 
histone purification, and pipette pulling 
and polishing protocols are described in 
sections 1–6 in the Supplementary Material. 
Section 7 of the Supplementary Material 
and Supplementary Figure S1 describe 
specialized components. This is followed 
by Section 8 describing the tweezers, and 
Supplementary Figure S2, which displays 
most of the major components assembled 
together. This should be used in conjunction 
with Figure 1 to visualize the general layout 
of the instrument. The physical dimen-
sions of custom-made components and 
fixtures are also described in the relevant 
sections. Experimental procedures for 
DNA extension and histone–DNA experi-
ments are discussed below. Data analysis 
techniques are explained in sections 11–14 
of the Supplementary Material. Sample cell 
preparation and other details are discussed 
here and in the figure captions.

Figure 1A shows the basic principle of 
our tweezers, and Figure 1B shows the 
instrument set-up. The rectangular sample 
cell (henceforth referred to as the “cell”) is 
closed on five sides. Cells are constructed 
using 2 #1 coverslips (Fisher Scientific, 
Pittsburgh, PA), cut glass slides, and a 
4 mm × 2 mm × 1 mm neodymium bar 
magnet (Indigo Instruments, Waterloo, 
Ontario, Canada). The coverslips form the 
floor and ceiling, and the cut sections of 

the regular microscope slides form three 
of the four walls of the cell. The cut glass 
and the bar magnet are both glued to the 
bottom coverslip with clear RTV silicone 
sealant (DAP, Baltimore, MD). Placement 
of the roof coverslip results in a 1 mm × 30 
mm rectangular opening designed to allow 
the horizontal insertion and movement 
of aspiration and other micropipettes. 
The top coverslip is placed after intro-
duction of buffer and DNA—see Section 
9, “Extension Experiments” in the Supple-
mentary Material.

The cell is mounted on an aluminum 
stage that has an appropriately sized 
opening allowing sample illumination 
to pass through to the objective and is 
secured to the stage using clear, double-
sided tape (3M, St. Paul, MN). The stage 
itself is attached to an Eppendorf 5171 
motorized three-axis micromanipulator 
(Eppendorf, Hauppauge, NY) with a 0.160 
mm step size and a minimum step rate of 
0.320 mm/s. In order to make fine adjust-
ments of the aspiration pipette over the 
objective, the pipette is clamped into the 

Figure 2. Results of DNA pulling experiments. (A) Screen shot from a DNA extension experiment. From left 
to right, the first snapshot shows a single DNA molecule subject to a force of ~0.5 pN at a distance of 2000 
µm from the magnet. The next image in the series shows l DNA reaching toward its full 16.4 µm extension 
at a force of 5 pN at a distance of ~1200 µm. In the third panel, DNA is fully extended at a force of 20 pN 
at a distance of ~550 µm. The final image shows DNA overextending in response to a force of 65 pN at a 
distance of 380 µm. The dotted line corresponds to the location of the pipette throughout the experiment. 
This emphasizes that there is no drift throughout the entire hour-long experiment. The scale bar is 3 µm. 
The magnet is far outside the available field of view and is located at the bottom of the figure. The loading 
rate was 0.008 pN/s.  (B) Results from several DNA force-extension experiments on l DNA in our horizontal 
magnetic tweezers. By positioning the magnet >2000 µm from the bead–DNA constructs, we can apply low 
forces of 0.5–5 pN and work within DNA’s entropic response regime. By bringing the magnet closer (<1200 
µm), higher forces (5–20 pN) can be achieved, and the DNA’s elastic regime can be studied. The solid 
line represents the wormlike chain theoretical model for DNA response to force, which is overlaid on data 
from a typical force-extension experiment from 0.5 pN to 20 pN with the magnet–DNA distance changing 
at 1.6 µm/s. The inset shows a zoom-in of three separate force-extension experiments represented by the 
stars, diamonds, and squares at the transition from DNA’s entropic response to DNA’s elastic response.
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arm of a hydraulic, three-axis micromanipu-
lator (MX630L S3432; Siskiyou Corporation, 
Grants Pass, OR). A specially designed clip 
allows us to rigidly attach a protein-loaded 
micropipette at a fixed angle relative to the 
aspiration micropipette; the stage, adapter, 
and other specialized parts are described 
in the Supplementary Material.

Micromanipulators are built around a 
Nikon Diaphot TMD inverted light micro-
scope (Nikon, Tokyo, Japan) with a 40×, 
0.65 NA, bright-field objective (Leitz—now 
Leica, Wetzlar, Germany). The motorized 
micromanipulator is mounted on the micro-
scope’s side bench and is positioned to 
allow easy movement of the stage above 
the objective. The hydraulic manipulator is 
mounted on a carriage designed to bridge 
a rail system (Thomson Linear, Radford, VA); 
this allows it to easily move horizontally into 
the cell and out of the way when not needed 
or when loading pipettes.

The imaging sensor sampling rate 
has to be selected appropriately to allow 
enough time between samples for thermal 
averaging to take place while staying above 
the Nyquist limit—see References 24, 30, 
and 31 for the sampling rate’s dependence 
on force and other details. In our case, 
videos are recorded by Labview using a 
Sony XCD-U100 CCD camera (Sony, Tokyo, 
Japan) with frame rate adjustable to 30 Hz. 
A zoom lens (Edmund Optics, Barrington, 
NJ) is inserted between the objective and 
the camera. Sensors with higher frame 
rates can also be placed in the optical path 
without difficulty. Data from experiments 
are stored on an external hard drive and 
analyzed on a Windows PC.

Results and discussion
Figure 2A consists of snapshots from a 
force-extension experiment on a single DNA 
molecule showing the polymer’s response 
to four different distance-dependent forces 
that act in the plane of the figure. The figure 
caption presents details of the experiment, 
and these are further discussed in the 
Supplementary Material. Note that a very 
high force of 65 pN is generated, resulting 
in DNA overextension (32, 33).

Figure 2B presents the results of typical 
force-extension experiments plotted against 
the modified wormlike chain model of DNA 
(34):
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[Eq. 1].

Here, fz is the applied force, kB is Boltzmann’s 
constant, T is the absolute temperature of 
~297°K, b is the persistence length of 50 
nm, L0 is the contour length of 16.4 mm, 
K0 is the elastic modulus of DNA, ~1000 
pN, and z is DNA’s observed end-to-end 
extension. Our results recapitulate DNA’s 
mechanical response in the 0.1–10 pN range 
(1). These data were obtained over 45 min; 
however experiments can last several hours. 
We find that the bead aspiration, buffer 
volume, and other experimental conditions 
can be stably maintained for this duration. 
The inset to Figure 2B shows the transition 
from DNA’s entropy-dominated response to 
the Hookean elastic response; the stars and 
squares are from experiments performed 
at 0.320 mm/s, while the diamonds are 
data from an experiment performed at 1.6 
mm/s. Overall, we see excellent agreement 
between the force-extension data and the 
worm-like-chain model across the range of 
forces for which the model is valid. The steps 
involved in these experiments are described 
in Section 9 of the Supplementary Materials.

Micromechanical experiments designed 
to study protein dissociation as a function 
of force require a method for adjusting the 
tension on protein-loaded DNA tethers. 
For this, the force must be changed slowly 
enough to leave the protein–DNA complex 
in equilibrium. A prerequisite for this is 
to be able to adjust tension on protein-
free DNA while ensuring equilibrium. To 
test for the reversibility of force loads, we 
repeatedly extended and contracted a 
DNA molecule with no bound proteins. As 
Figure 3A shows, there is minimal hysteresis, 
indicating that forces can be adjusted while 
leaving DNA tethers in equilibrium. From 
these data, we extrapolate to the case of 
tethers with bound proteins. An extrapo-
lation is necessary since we used histones, 
which unbind irreversibly beyond a certain 
force, implying that maintenance of binding–
unbinding equilibrium as a function of force 
loading rates could not be tested directly. 
However, when we performed experiments 
with histones, we found that the measured 
critical force and other quantities agreed 
well with bulk experiments (where available) 
or theoretical estimates premised on the 
presence of equilibrium. Thus, we conclude 
that the loading rates achievable in our 
instrument minimally disturb bound proteins.

Force measurements obtained from 
our fluctuation-dissipation method were 
verified as follows. Using micropipettes with 
a 15–20 mm opening, we released 2.8 mm 

magnetic beads 300 mm from the magnet 
and halfway between the floor and the roof 
of the cell, and then at distances from the 
magnet increasing in 100 mm increments 
up to 2500 mm. The buffers used were a 
low viscosity, 1.5 centi-Poise (cP), 25% w/v 
CaCl2 solution and a high viscosity, 7 cP 
55% w/v glycerine (glycerol) solution (11). 
Magnetic particles (bead density ~1.22 
g/cm3) are neutrally buoyant in the CaCl2 
solution, while glycerine retards sedimen-
tation. The beads quickly reached terminal 
velocity. The spatial rate of change of the 
component of the magnetic field pointing 
toward the magnet does not vary too greatly 
over a distance of 20–30 mm, as estimated 
by the constancy of force over 20–30 mm 
changes in distance between tethered 
beads and the magnet as close as 300 mm 
from the magnet, which is also the approx-
imate z-field of view (the force is defined to 
be in the direction of the z-axis); therefore 
we use the terminal velocity in Stokes’ drag 
law (35) to evaluate the force at that location,

f vz z= 3πη d
[Eq. 2]. 

Here, h is the viscosity of the medium, vz is 
the velocity in the direction of the force, and 
d is the bead diameter (2.8 mm). Because 
the velocity of the beads is ~10 mm/s and, 
thus, the Reynolds number is small, use of 
Stokes’ drag law is valid. Furthermore, the 
effect of the vertical bounding surfaces is 
negligible because particle trajectories are 
confined to a plane well separated from 
them. The velocities were calculated using a 
custom particle tracking software described 
in the Supplementary Material. The buffer 
viscosities were measured using a Thermo 
Haake RheoStress 600 viscometer (Thermo 
Scientific, Pittsburgh, PA).

Figure 3B shows the results of these 
calibration experiments. The three dashed 
curves and one thick solid curve each 
represent a calibration experiment, while 
the thin solid curve represents the average 
of force measured in several DNA force-
extension experiments using the fluctu-
ation-dissipation theorem. The data 
correspond well with the ~1/z4 nature of 
the force produced by a dipole magnetic 
field that is expected along the perpen-
dicular bisector of a bar magnet (36). 
The force calculated using the fluctu-
ation-dissipation theorem agrees, within 
2%–3% error, with our Stokes’ drag law 
calculation of the force. The forces in the 
thin solid curve were obtained from experi-
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ments done at a combination of loading 
rates of 0.320 mm/s or 1.6 mm/s. There is 
good agreement between force extension 
measurements and the calibration experi-
ments up to ~35 pN. Beyond ~35 pN or 
for distances to the magnet closer than 
350 mm, the calibration technique breaks 
down because the magnetic microspheres 
do not reach terminal velocity within the 
objective’s field of view.

In order to determine the precision 
(i.e., the reproducibility) with which we 

can measure changes in tether extension 
and to determine the smallest forces we 
can reliably control, we carried out force 
and extension measurements on identical 
tethers at fixed distances from the magnet 
(Figure 3C). We found that forces of ~0.05 
pN and extension changes of ~10 nm 
(and less) can be reproducibly measured 
from our data, and we note that these are 
comparable to the force and extension 
resolution limits of ~0.05 pN and ~5 nm 
(see Supplementary Material Appendix 

for detailed calculations). This makes our 
instrument well-suited for studying the 
binding and unbinding events of many 
DNA-compacting proteins.

We investigated the feasibility of 
protein–DNA experiments using our 
tweezers by testing whether individual 
core histone octamer unbinding transitions 
could be detected at low forces of ~2 pN 
that had not been reported before. The 
steps involved in these experiments are 
described in the Supplementary Material 

Figure 3. Testing for hysteresis, force calibration, and 
precision. (A) Stepping forces from low (<0.1 pN) to 
high (>50 pN) and back results in minimal hysteresis. 
For the data reported here, superparamagnetic parti-
cle-magnet distance was adjusted at 0.320 µm/s. From 
this and the preceding figure, we see that the loading 
rate is low enough to nearly match the wormlike chain 
model (dotted line). The x-axis starts at 10 µm. (B) Forc-
es measured using the fluctuation-dissipation theorem 
compared with measurements from Stokes’ drag law–
based calibration experiments. Untethered superpara-
magnetic beads were introduced at various distances 
from the magnet and allowed to reach terminal velocity, 
which was measured using video data analysis. Stokes’ 
drag law was used to calculate the drag force on the 
beads, allowing us to measure the magnetic force on 
the magnetic microspheres as a function of distance 
from the magnet. The thin solid line shows the average 
of six force-extension experiments as calculated from 
the Brownian fluctuation method. The dashed line and 
the dash-dotted line are the results of 2 glycerine solu-
tion experiments, which covered the range of 400 (~55 
pN) to 1500 µm (~2 pN) from the magnet. The thick 
solid line, another glycerine solution experiment, and 
the dotted line, a calcium-chloride experiment, both 
covered 2500 µm (~0.5 pN) to 900 µm (~8 pN) and 
overlap in the figure. (C) Data used to characterize the 
precision of extension and force measurements of the 
tweezers device. Extension and force data are subject 
to thermal fluctuations, which set the fundamental limit 
on precision. Additional noise components include lo-
calization error from video-microscopy-based centroid 
detection and other non-thermal (instrumental) noise 
sources. To quantify the precision, we performed 9 rep-
lications of an experiment in which a DNA molecule was 
held at specific distances from the magnet for 5 min at 
each location while recording force and extension data. 
At 2000 µm from the magnet, the mean DNA exten-
sion was 13.08 µm with a standard error of the mean 
(SEM) of 0.030 µm, while the mean force was 0.59 pN 
with SEM = 0.050 pN; at 1750 µm from the magnet, the 
mean extension was 13.53 µm with SEM = 0.024 µm, 
while the mean force was 0.72 pN with SEM = 0.05 pN; 
at 1500 mm, a mean extension of 13.86 µm was ob-
served with SEM = 0.020 µm, while the mean force was 
0.77 pN with SEM = 0.060 pN; at 1250 µm, a mean ex-
tension of 14.12 µm was recorded with SEM = 0.017 µm, 
and the mean force was calculated as 0.87 pN with SEM 
= 0.0638 pN; at 1000µm, a mean extension of 14.38 
µm was recorded with SEM = 0.0078 µm, while a mean 
force of 1.13 pN was determined with SEM = 0.080 pN; 
and at 900 µm, a mean extension of 14.68 µm was 
found with a SEM of 0.0065 µm, while the mean force 
was determined to be 1.43 pN with a SEM of 0.10 pN. 
These results suggest that in the range at which typical 
DNA–protein experiments occur (<10 pN), force preci-
sion is on the order of ~0.05 pN, and extension preci-
sion is ~10 nm (and less than 10 nm for forces >1 pN).
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under “Histone-DNA Experiments.” As 
shown in the data presented in Figure 4, 
force-induced unbinding events could be 
detected at low forces. Histone proteins 
H2A, H2B, H3, and H4 were introduced into 
the sample cell by microinjection from the 
protein-loaded micropipette and allowed 
to interact with a l-DNA molecule that had 
been extended by applying a small force 
of ~1 pN. This force was enough to extend 
the tether but not hinder the spontaneous 
assembly of histones onto the DNA as 
evidenced by rapid tether compaction. 
We then subjected the histone-complexed 
DNA tether to higher forces to begin disso-
ciating histone complexes. Force-induced 
ruptures were detected by discrete jumps 
in the tether extension of ~50 nm or integer 
multiples of this unit. This continued until 
the DNA recovered its starting extension.

The time course of the DNA’s extension 
during a typical experiment is shown 
in Figure 4A: pre-spray with an initial 
extension of ~11 mm, spray followed 
by contraction to about ~1.5 mm, and 
re-extension to ~11+ mm. After introduction 
of proteins, we observe rapid contraction 
usually in 1 min with either full contraction 
or almost all of the tether extension used 
up. The association of histones with DNA 
is so rapid that we do not detect individual 
binding steps. Once the histones are 
bound, we allow the condensed DNA to 
remain at the low-force, protein injection 
position for 1 min. Then we begin to slowly 
(~0.320 mm/s) decrease the distance 
between the magnet and the bead, or 
equivalently increase the force at a loading 
rate of ~0.008 pN/s. At this low loading 
rate, the force is essentially constant over 
a period of 30 s. After contraction, the first 
arrow in Figure 4A highlights a plateau in 
the extension trace indicating a region of 
force where the histone–DNA complexes 
are stable even in the presence of an 
applied force. The second arrow indicates 
a region beginning a slow, steady rate of 
dissociation events at forces between 2.5 
and 12.5 pN. The third arrow indicates 
the beginning of a region of high force, 
>12.5 pN, where one can observe a rapid 
unbinding of histone complexes as the 
molecule eventually reaches its starting 
extension at the fourth arrow. Figure 
4B highlights a region, marked by the 
rectangle in the inset, of moderate force 
(~6.5 pN) where a steady rate of individual 
histone–DNA complex unbinding events 
can be observed. The identified steps 

Figure 4. Histone-meditated DNA compaction. (A) The course of an entire histone–DNA complex 
reconstitution–disruption experiment is shown. The horizontal axis is the frame number, which cor-
responds to the time, while the vertical axis is the molecule’s end-to-end extension in microns. The 
experiment was performed by first extending a single l DNA molecule at ~1 pN. Then, core histone 
proteins were sprayed onto the molecule. This is signaled by the rapid drop in the extension of the 
molecule. After histones were bound, the force was slowly increased. Eventually, the molecule’s 
starting extension of ~12 µm was recovered. At arrow 1, proteins are stably bound to a single DNA 
tether at a low force. The force is increased very slowly (~0.008 pN/s) beginning at arrow 2, and the 
proteins begin to dissociate from the DNA molecule. Arrow 3 indicates a region of higher force (12.5 
pN) with an increased rate of protein dissociation. The DNA tether finally reaches its starting exten-
sion at a sufficiently high force to eject nearly all proteins at arrow 4. (B) This shows typical higher-
resolution extension data selected from the boxed region of the inset ~0.5 h after tether compac-
tion. These data correspond to a 1 min window within the experiment when the force was ~6.5 
pN. The quantized ~50 nm changes in extension that are seen are the rupturing of the individual 
nucleosome-like complexes, showing that we can detect their dissolution very near the theoretically 
predicted force value. The entire experiment lasted approximately 1 h 45 min. After a tethered DNA 
is found and captured, we bring the magnet within 1000 µm of the molecule to subject it to a force 
of ~9 pN. The observed extension of the DNA allows us to check that the tether is indeed a single 
molecule of DNA. Then we step the magnet away from the DNA at a rate of 1.6 µm/s so that the 
distance between the bead and the magnet is 2 mm, corresponding to a force of ~0.8 pN. Next, us-
ing a pre-loaded, pre-positioned protein spray pipette aimed at the tip of the aspiration pipette, we 
introduce the histones by spraying them onto the extended DNA. We can detect the protein solution 
flow past the captured pair since the DNA is deflected to the right from its equilibrium position. We 
then observe a rapid ~1 min contraction of the tether, indicating binding of histones to the DNA. 
After completion of the contraction step, we quasi-statically move through the force range starting 
from forces below the theoretically predicted rupture force of ~2.5 pN to somewhat higher forces 
while monitoring the DNA extension (off-line) for the signatures of histone complex unbinding.
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correspond to the rupture of 1 (50 nm) or 
2 (100 nm) core octamer–DNA complexes. 
These unbinding events occurred approxi-
mately 1 h into a 2 h experiment and about 
20 min after protein introduction.

A number of studies have examined the 
micromechanical behavior of single DNA 
tethers loaded with histone octameric core 
complexes (for recent reviews see Refer-
ences 37 and 38). A detailed comparison 
between our data and those in the liter-
ature is forthcoming and is not straight-
forward, since results depend strongly on 
loading rates (37) and other factors. Briefly, 
the critical force measured using our 
methodology is consistent with theoretical 
estimates (39) and is in the same range 
as other magnetic tweezers studies (37).
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