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Processes for decoding the genetic information in cells, including transcription, replication, recombi-

nation and repair, involve the deformation of DNA from its equilibrium structures such as bending,

stretching, twisting, and unzipping of the double helix. Single-molecule manipulation techniques
have made it possible to control DNA conformation and simultaneously detect the induced changes,
revealing a rich variety of mechanically-induced conformational changes and thermodynamic states.
These single-molecule techniques helped us to reveal the physics of DNA and the processes involved

in the passing on of the genetic code.
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1 Introduction

DNA is the carrier of genetic information and is in-
volved in biomolecular processes such as transcription
and replication. Many of these processes are governed by
the mechanics and thermodynamics of bending, stretch-
ing, twisting, and unzipping the double helix [1-6].
Double-stranded DNA (dsDNA) is a semi-flexible poly-
mer, with its base-stacking architecture and negative
charges along its phosphate backbone. In physiological
conditions, thermal fluctuations do not bend it signifi-
cantly on length scales below 50 nm, which is equivalent
to 150 base pairs (bp) [7]. The 10 pm-long DNA of a viral
genome can be packed inside a capsid of 50 nm in diam-
eter [8-10], and in eukaryotic cells, histones bend DNA
into loops of 10 nm in diameter. The latter serves as
the first step in the hierarchical packaging of the genome

in eukaryotes (Fig. 1), and it regulates gene expression
by obstructing access to base pairs [11]. Histones, heli-
cases, topoisomerases, and RNA and DNA polymerases
are examples of proteins that generate or relieve tension
and torque in DNA to enable its biochemical functions
[5, 12-15]. With advances in single-molecule techniques,
it has been possible to examine the physics of DNA di-
rectly. By providing control and measurement of force of
a single molecule, these techniques have revealed a vari-
ety of DNA conformations and much of DNA’s complex
behavior.

2 Single-molecule manipulation experiments

Single-molecule manipulation techniques using atomic
force microscopy (AFM), optical tweezers, and magnetic
tweezers are illustrated in Fig. 2. These techniques have
been used to manipulate a variety of biological molecules.
In each of these methods, a single DNA molecule is at-
tached between a substrate and a force probe, either an
AFM tip or a micron-sized bead, in an aqueous solu-
tion. The change in molecular end-to-end distance is de-
termined from the change in probe and substrate po-
sitions. The force on the molecule is determined from
displacement of the probe relative to its equilibrium po-
sition. Nonspecific attachment, typically used in AFM, is
achieved by adsorption of DNA to the substrate surface
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Fig. 1 (a) Hierarchical organization of DNA packaged into a
chromosome. The nucleosomes are formed by histones which bend
DNA into small loops. Reproduced from Ref. [11], Copyright ©
2003 Nature Publishing Group. (b) Structure of the nucleosome.
Two superhelical turns of the DNA double helix wrap around an
octamer of histones through hydrogen bonds and electrostatic in-
teractions. Reproduced from Ref. [16], Copyright © 1997 Nature
Publishing Group.

or the probe surface. Specific attachment, employed by
optical and magnetic tweezers, is achieved by functional-
ization of probe and substrate surfaces. These modifica-
tions exploit the high affinity and specificity of binding
among ligand-receptor, antibody-antigen pairs and DNA
hybridization. Other techniques elongate DNA by con-
fining the molecule within micro or nano-sized obstacles.
Such techniques include driving DNA electrophoretically
through microlithographic arrays [17], nanochannels [18,
19], and nanopores [20].

In AFM [Fig. 2(a)], the force probe is an AFM tip at-
tached to a cantilever, and the substrate is mounted on
a piezoelectric scanner. Moving the substrate toward the
AFM tip allows nonspecific or specific molecular attach-
ment between the substrate and cantilever. When the
molecule is attached to the tip and the substrate, moving
the substrate away from the cantilever produces force on
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Fig. 2 [Illustrations of single-molecule manipulation techniques.
(a) AFM. The molecule is held by the tip and the substrate sur-
face. The force on the attached molecule is determined based on the
deflection of the cantilever. Reproduced from Ref. [21], Copyright
© 2010 American Physical Society. (b) Optical tweezers. One end
of a DNA molecule is attached to a bead trapped by a laser beam,
while the other end is attached to a DNA-virus capsid complex
on a second bead, held by a micropipette tip. Reproduced from
Ref. [8], Copyright © 2001 Nature Publishing Group. (c) Mag-
netic tweezers. A force is exerted on the molecule by an attached
super-paramagnetic bead in a magnetic field. The molecule can be
twisted as well as stretched by the applied field. Reproduced from
Ref. [22], Copyright (© 2006 American Physical Society.

the attached molecule, and the resulting bending of the
cantilever is detected by the deflection of the laser beam
reflecting off the back of the cantilever onto a position-
sensitive detector. The force exerted on the molecule, F,
is determined by Hooke’s law, F' = —Kz, where K is
the cantilever’s spring constant and z is the cantilever
displacement from its equilibrium position. Using the
equipartition theorem, the spring constant is determined
using $ksT = 1K(z?), where kg is Boltzmann’s con-
stant and T is temperature [23]. AFM cantilevers used
for single-molecule manipulation typically have a spring
constant K = 10 pN/nm or higher. This results in un-
loaded cantilever fluctuations of at least 5 pN at room
temperature, which sets the limit of the noise level in
the force on an attached molecule measurable by AFM.
AFM is able to measure high forces up to a few nanoNew-
tons, the limit usually being set by the strength of the
attachment [24-26].

In a typical optical tweezers setup [Fig. 2(b)], the force
probe is a micrometer-sized dielectric bead captured in
an optical trap. The substrate may be the side of a trans-
latable fluid chamber or a second bead held by either a
micropipette or a second optical trap [4, 12, 14]. The
optical trap consists of a tightly-focused laser, which ex-
erts a three-dimensional restoring force on a dielectric
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bead trapped near the laser focus. To minimize photo-
damage to the trapped biomolecules, near-infrared wave-
lengths are used [27-29]. The displacement of the bead
from the trap center can be measured by video tracking
via an optical microscope. For small displacements of the
bead, the force is determined using Hooke’s law, and the
trap stiffness is determined using the equipartition theo-
rem, as in the case of AFM. Optical traps typically have
spring constants ranging from 0.005-1 pN/nm, which is
smaller than the AFM cantilevers. The low noise level al-
lows measurement of forces on the molecule as low as 0.1
pN. Optical tweezers are generally used to probe forces
less than 100 pN, where the ligand-receptor or antibody-
antigen pairs used to attach the DNA unbind [30].

Magnetic tweezers [Fig. 2(c)] are similar to optical
tweezers, except that the force probe consists of a super-
paramagnetic bead in an applied magnetic field. The
force on the bead is proportional to the gradient of the
square of the magnetic field. In addition, a torque is ap-
plied to the bead due to its small magnetic polarization
anisotropy, which tends to align the bead with the ap-
plied magnetic field. Thus, by rotating the applied field,
the attached molecule can be twisted as well as stretched
[31, 32]. Magnetic tweezers have miniscule stiffness as low
as 10~% pN/nm, allowing them to probe forces as low as
10~3 pN. Like optical tweezers, they can probe up to 100
pN until the DNA handles break [33-35].

Each of these single-molecule manipulation techniques
has advantages and disadvantages. While AFM is capa-
ble of probing large forces up to a few nanoNewtons,
it is generally not sensitive for probing forces less than
5 pN. Optical tweezers and magnetic tweezers, on the
other hand, can measure forces as small as 0.1 pN and
1072 pN, respectively. However, these techniques have
an upper limit for the forces that can be studied, since
the DNA handles usually break around 100 pN. Other
considerations include spatial and temporal resolution,
and stability and drift control. For high spatial resolu-
tion, subnanometer precision is routinely obtained using
AFM [36], and optical tweezers has achieved high spatial
resolution in a recent work [37]. Video tracking of beads
in optical tweezers and magnetic tweezers offers a simple
method for measuring position, but with less resolution
(around 5 nm) and sampling rate limited to 500 Hz for
fast cameras [38], while greater resolution and sampling
rates are possible using more sophisticated methods [39].
Dynamic position control is implemented in AFM and
optical tweezers using a piezoelectric scanner with capac-
itive position detection in a feedback loop, with an ac-
curacy of 1 nm or better. This enables force-clamping, a
mode in which the extension of the molecule is measured
over time while maintaining a constant applied force.
Magnetic tweezers are uniquely suited to high-bandwidth
force-clamping at low cost, without the need for sophis-
ticated feedback loops, since large magnet displacements
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change the applied force only slightly (typically 1 pN for
a displacement of 1 mm).

Recent efforts have been made to combine fluorescence
imaging with single-molecule manipulation [40, 41]. For
example, by using fluorescent dyes which bind to specific
conformations of DNA, this combination of methods can
distinguish different structures of DNA under applied
force [42]. In addition, fluorescence can be used to pin-
point the location where an applied force has the largest
effect on DNA [43]. Finally, the large forces obtainable in
an AFM experiment enabled direct fluorescence imaging
of DNA strand rupture [44].

3 Polymer physics models of DNA

Single-molecule manipulation experiments measure the
force-extension curve of DNA, and the data are fitted to
polymer physics models to determine parameters that
define its mechanical properties (Fig. 3). In solution,
DNA adopts a random coil conformation which mini-
mizes free energy. Extending the molecule imposes a con-
straint limiting the number of accessible conformations,
thus the work done on the molecule is mainly used to
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Fig. 3 The polymer physics models that describe DNA. (a) Illus-
tration of the FJC and WLC models. (b) Force-extension behavior
of a single dsDNA molecule. dsDNA can be described accurately
by the WLC model (solid curve), but not the FJC model (dashed
curve). Reproduced from Ref. [45], Copyright © 1995 American
Chemical Society.
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offset the reduced entropy. For dsDNA, at forces less
than 10 pN the force-extension curve is dominated by
this entropic elasticity. At higher forces, dsDNA be-
gins to exceed its contour length and, consequently, its
double-helix structure is disrupted. The polymer elastic-
ity models which best describe the force-extension curves
of single-stranded DNA (ssDNA) and dsDNA are the
freely-jointed chain (FJC) and wormlike chain (WLC)
models, respectively.

In the FJC model, the polymer consists of a chain of
freely rotating segments of characteristic Kuhn length.
The extensible FJC assumes that the polymer is stretch-
able, and the force is related to extension z by [30, 46]

1+i) (1)

x = bgs |coth(20Ps F) — %

1
77 |
where Psg, bss, and K, are the persistence length, con-
tour length, and stretch modulus of ssDNA, respectively,
and 8 = 1/(kgT). The persistence length is a measure
of bending stiffness. The K, accounts for the extensi-
bility of the molecule. For ssDNA, P;s = 0.75 nm and
K5 = 800 pN [30, 47-49].

The WLC models a polymer as a flexible rod char-
acterized by a bending stiffness. In an extensible WLC
model, force can be related to extension by [45, 50]

1 F

where Py, bgs, and Ky, are the persistence length, con-
tour length, and elastic stretch modulus of dsDNA, re-
spectively. For dsDNA, P;s = 50 nm and K4z = 1200
pN [30, 47-49].

4 The overstretching transitions and
force-induced melting

Figure 4(a) is a typical force-extension curve of ds-
DNA. At low forces, the molecule behaves like a WLC.
When the force reaches 65 pN, the force-extension curve
shows a plateau, indicating a cooperative transition of
the molecular conformation [30, 51]. Recent experiments
demonstrate that both melting and a B-DNA to S-DNA
transition occurs at this force, depending on environ-
mental factors [52-54]. At forces around 150 pN, dsDNA
melts into ssDNA, where the force-extension curve is best
described by the extensible FJC model [Eq. (1)] with a
persistence length and stretch modulus consistent with
ssDNA [30, 47, 48]. Another example is poly(dA) (ss-
DNA composed only of adenine bases), where distinct
plateaus and multiple force-extension pathways have
been observed [21, 55]. One poly(dA) pathway is similar
to that of random-sequence ssDNA, whereas the other
pathway has an additional, energetically favored transi-
tion [Fig. 4(b)], possibly to a state in which the bases
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are weakly stacked. The multiple pathways suggest that
poly(dA) has two conformational states when stretched
close to twice its contour length. Further study is re-
quired to elucidate the structures responsible for these
transitions and whether they can be tuned by changing
environmental conditions, such as salt concentration and

temperature.
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Fig. 4 Force-induced transitions of DNA. (a) Force-extension
data showing stretching, melting, and overstretching of a A-DNA.
The data are fit for extensible WLC and FJC models. Reproduced
from Ref. [49], Copyright © 2009 IOP Publishing. (b) Force-
extension pathways for poly(dA) compared to dsDNA and other
ssDNA. Reproduced from Ref. [21], Copyright © 2010 American
Physical Society.

Pulling single DNA molecules has been found to unzip
as well as stretch DNA. Unzipping occurs when the sec-
ondary structure, i.e., the double helix of dsDNA is dis-
rupted, resulting in unpairing of the bases. The dynam-
ics of unzipping are sequence-dependent, as evidenced by
higher observed forces in GC-rich regions [56] and good
reproducibility for unzipping/rezipping molecules of the
same sequence [57, 58].

5 Conclusion

The response of the DNA molecule to a force is crucial
in many biochemical functions, including transcription,
replication, recombination, and packaging. Fundamental
DNA properties are being revealed as melting and com-
plex reactions are being probed. Understanding quanti-
tatively the detailed mechanical property of single- and
double-stranded DNA allows us to characterize different
DNA conformational states and their associated ener-
getics. This quantitative information will help us predict
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DNA behavior and interactions that are important in
biological and medical systems.
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