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Abstract Protein–DNA interactions can be characterized and
quantified using single molecule methods such as optical
tweezers, magnetic tweezers, atomic force microscopy, and
fluorescence imaging. In this review, we discuss studies that
characterize the binding of high-mobility group B (HMGB)
architectural proteins to single DNAmolecules.We show how
these studies are able to extract quantitative information re-
garding equilibrium binding as well as non-equilibrium bind-
ing kinetics. HMGB proteins play critical but poorly under-
stood roles in cellular function. These roles vary from the
maintenance of chromatin structure and facilitation of ribo-
somal RNA transcription (yeast high-mobility group 1 pro-
tein) to regulatory and packaging roles (human mitochondrial
transcription factor A). We describe how these HMGB pro-
teins bind, bend, bridge, loop and compact DNA to perform
these functions. We also describe how single molecule exper-
iments observe multiple rates for dissociation of HMGB pro-
teins from DNA, while only one rate is observed in bulk
experiments. The measured single-molecule kinetics reveals
a local, microscopic mechanism by which HMGB proteins
alter DNA flexibility, along with a second, much slower mac-
roscopic rate that describes the complete dissociation of the
protein from DNA.
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Introduction

The control of gene expression necessary for cells to survive is
effected to a great extent by controlling the accessibility of
genetic information to RNA polymerase. In mitochondria,
organelles that are devoid of histone proteins, the genetic ma-
terial is preserved in a compact form by mitochondrial tran-
scription factor A (TFAM) and Abf2p in human cells and in
yeast, respectively (Bogenhagen et al. 2003, 2008; Friddle
et al. 2004; Kang et al. 2007; Kaufman et al. 2007; Lodeiro
et al. 2012; Parisi et al. 1993; Rubio-Cosials and Solà 2013;
Spelbrink 2010). In eukaryotic cells, nuclear DNA is packaged
into chromatin by wrapping onto histone octamers to form
nucleosomes. This basal chromatin structure can be modified
by various chromatin-associated proteins, altering access to ge-
nomic DNA for gene regulation (Albert et al. 2012, 2013;
Berger et al. 2007; Hall et al. 2006; Merz et al. 2008; Venema
and Tollervey 1999; Wittner et al. 2011). Here, we review the
biophysics of one such class of chromatin-associated proteins,
the high-mobility group B (HMGB) family, which contain one
or two HMGB DNA binding motifs known as boxes. These
proteins are known to modify chromatin structure and to bend
DNA, as determined by single-molecule studies. The general
characteristics of HMGB proteins have also been comprehen-
sively reviewed elsewhere (Malarkey and Churchill 2012).

HMGB proteins are highly abundant eukaryotic nuclear
DNA bending proteins, exceeded in abundance only by nu-
clear histones (Albert et al. 2013; Bianchi 2009; Crothers
1993; Lange et al. 2008; Liu et al. 2010; Sebastian et al.
2009; Štros 2010). Many HMGB proteins are known to bind
non-sequence-specifically into the minor groove and to sharp-
ly kink DNA (Dragan et al. 2003, 2004; Klass et al. 2003;
Thomas and Travers 2001). As for most DNA binding pro-
teins, binding to DNA is typically driven entropically by the
release of condensed counterions from the nucleic acid upon
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electrostatic interaction with the protein. This is supplemented
by van der Waals contacts, water release, and both direct and
water-mediated hydrogen bonding. Intercalation unwinds and
induces a strong, continuous bend in the double helix
(Murphy et al. 1999; Thomas and Travers 2001). Despite their
abundance, the biological functions of HMGB proteins re-
main unclear. It is hypothesized that nuclear HMGB proteins
facilitate access to genomic DNA by replacing, or changing
the structure of, nucleosomes, which are the basic unit of
chromatin. The striking ability of HMGB proteins to bind
and bend DNA suggests that enhancement of apparent DNA
flexibility may also play a biological role (Ragab and Travers
2003; Štros 2010; Travers 2003). It has long been known that
HMGB proteins can accelerate the ligase-catalyzed cycliza-
tion of DNA fragments into small circles (Paull et al. 1993; Pil
et al. 1993; Ross et al. 2001). Because the rate of cyclization of
such fragments is limited by DNA flexibility, such cyclization
enhancement can be considered evidence that HMGBproteins
enhance the apparent flexibility of DNA. The effect was his-
torically described as a change in apparent flexibility because
cyclization acceleration could arise simply by HMGB promo-
tion of more condensed DNA structures with reduced end-to-
end distances even without increasing the actual flexibility of
the chain. Hence, the biophysical mechanism by which
HMGB proteins alter apparent DNA flexibility has been a
subject of significant interest (Bianchi and Agresti 2005;
Farge et al. 2012; Gerlitz et al. 2009; McCauley et al. 2007;
Skoko et al. 2004; Stefanovsky et al. 2001; Zhang et al. 2009,
2012). Here, we review single-molecule characterizations of
HMGB architectural DNA bending proteins, including the
recent discovery of both macroscopic and microscopic bind-
ing mechanisms that describe HMGB–DNA interactions.

Single-molecule experiments

Optical tweezers (Ashkin et al. 1990; Bustamante et al. 2003;
Heller et al. 2014;McCauley andWilliams 2009; Neuman and
Block 2004) have been used to stretch single DNA molecules
in the presence or absence of HMGB proteins (McCauley
et al. 2005, 2007, 2013; Murugesapillai et al. 2014). In studies
using dual beam optical tweezers, two high-power laser beams
are focused onto a small diffraction-limited spot of ∼1 μm.
Any object whose index of refraction is greater than that of the
surrounding water (n = 1.33), will be trapped due to a radia-
tion force that pushes the bead to the center of the resulting
trap. A streptavidin-coated polystyrene bead (refractive index
n = 1.55) is attracted to the focus of the spot. A biotinylated
DNA is tethered between this bead and another that is
immobilized on a micropipette tip, shown in Fig. 1a
(Chaurasiya et al. 2010; McCauley and Williams 2009;
Neuman and Block 2004). Single DNAmolecules can be thus
stretched and characterized, as shown in Fig. 2. In order to

characterize the interaction of proteins with such tethered
DNA molecules, a solution with a fixed protein concentration
is allowed to flow into the experimental cavity surrounding
the DNA. Thus, the DNA provides a lattice of binding sites for
sequence non-specific DNA binding proteins. Bound proteins
alter the DNA stretching curves, allowing binding kinetics and
energetics to be characterized using the methods discussed
below (Chaurasiya et al. 2010; Heller et al. 2014; McCauley
and Williams 2009).

In addition to optical tweezers, magnetic tweezers can also
be used to characterize DNA–protein binding, as shown in
Fig. 1b. Instead of an optical trap, for which the force is pro-
portional to the distance from the trap, magnetic tweezers use
magnetic force to stretch DNA at a constant force (Chen et al.
2011; De Vlaminck and Dekker 2012; Gosse and Croquette
2002; Skoko et al. 2004). While optical tweezers provide a
distance clamp with a weak, harmonic trap, magnetic tweezers
provide an intrinsic force clamp due to the exponential drop of
the force by the magnet on the bead. A single DNA molecule
is tethered between a cover slip at one end and a paramagnetic
bead on the other end. By moving the permanent magnet, the
force acting on the bead can be controlled and recorded by
tracking the motion of the bead in the x–y plane, as shown in
Fig. 1b. Furthermore, magnetic tweezers can also be com-
bined with fluorescence to visualize and quantify the binding
of proteins to a single molecule of DNA at low forces, as
shown in Fig. 1b (De Vlaminck and Dekker 2012; Giuntoli
et al. 2015; Graham et al. 2011).

To probe the binding of proteins to a single DNAmolecule,
dual trap optical tweezers experiments have been combined
with detection of fluorescently labeled proteins (Heller et al.
2014), as shown in Fig. 1c. This technique allows characteri-
zation of the effects of protein binding on DNA force–exten-
sion measurements described above for optical tweezers,
while simultaneously determining the distribution of proteins
along the DNA molecule as well as the numbers of proteins
bound at specific locations. Such measurements can provide
additional information about the cooperativity of protein bind-
ing as well as the ways in which DNA can be reorganized
through protein interactions (Heller et al. 2014). These mea-
surements can be done at single-molecule resolution, includ-
ing at high concentrations by using stimulated emission de-
pletion microscopy (Heller et al. 2013).

To complement DNA stretching techniques, atomic force
microscopy (AFM) imaging is used to directly measure
protein-bound sites on a single DNAmolecule from the topol-
ogy of a DNA–protein complex on a surface. These com-
plexes are deposited on a mica surface and scanned, thus
allowing the conformation of these complexes to be visualized
and quantified. In addition to determining the location and
distribution of proteins bound to DNA, AFM provides impor-
tant information on the nature of the DNA bends induced by
proteins.
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In the following sections, we will describe how each of
these methods can be used to determine both equilibrium
and non-equilibrium interactions of HMGB proteins with

DNA. Equilibrium measurements allow one to extract equi-
l ibrium protein–DNA binding affini t ies, binding
cooperativities, and overall DNA bending characteristics.
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Fig. 1 Schematic illustrations (not to scale) depicting single-molecule
techniques used to investigate HMGB architectural protein binding to
DNA. Optical tweezers, magnetic tweezers and atomic force
microscopy are used. a In an optical tweezers setup, DNA tethered
between labeled beads is extended and released. A glass micropipette
tip is used to extend the DNA molecule, while on the other extremity,
the deflection of the laser beam during extension is recorded and the
signal is then translated into force. (From Murugesapillai et al. 2014). b
In a magnetic tweezers setup, DNA tethered between a labeled paramag-
netic bead and a functionalized cover slip is held at constant magnetic force
and the extension is recorded using a CCD camera. Magnetic tweezers

combined with fluorescently labeled proteins (green) allows visualization
as well as quantification of protein binding. (Adapted from Skoko
et al. 2004 and Xiao et al. 2010). c In a dual trap optical tweezers
setup, DNA tethered between labeled polystyrene beads is extended
and released. Fluorescently-labeled molecules (green) interact with
the DNA and their binding can be visualized. (Adapted from
Heller et al. 2014). d Atomic force microscopy is used to visualize
protein–DNA complexes. The reflection of the laser beam off the
cantilever to detector is then converted into an imaging signal. (Adapted
from Murugesapillai et al. 2014)
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Non-equilibrium measurements allow the determination of
protein association and dissociation rates. In addition, we will
show that the dissociation rates can be separated into macro-
scopic and microscopic components.

Equilibrium HMGB protein–DNA interactions

Analysis of DNA force–extension measurements

Experimental data curves for extension and release of a single
double-stranded DNA (dsDNA) molecule are displayed in
Fig. 2. In the example shown, the DNA is extended in a buffer
containing 10 mM Hepes, with pH 7.5 and 100 mM Na+.
Forces measured in picoNewtons (pN) are plotted as a func-
tion of the total extension distance divided by the number of
base pairs (nm/bp). Since the distance between two consecu-
tive dsDNA base pairs is 0.34 nm, at an extension of 0.34 nm/
bp, the contour length of the dsDNA is reached as the DNA is
straightened and becomes taut. The region at forces below 10
pN is termed the entropic regime because DNA can assume
many conformations with equal energy, and extending
dsDNA decreases the conformational entropy. In this regime,
the extension length is shorter than the contour length and the
force increase for a given extension increase is small. One
parameter used to describe polymer elasticity is the persis-
tence length, P, which is related to the distance along the
molecule over which angular correlations are lost (Storm

and Nelson 2003). Stiffer polymers have longer persistence
lengths. Unlike single-stranded DNA (ssDNA), dsDNA is a
particularly stiff polymer. The persistence length of dsDNA is
~50 nm, corresponding to ∼150 base pairs (15 turns of the
double helix). The persistence length of ssDNA is ∼0.7 nm,
two orders of magnitude smaller than for dsDNA,
representing just 2 bases, and reflecting the high flexibility
of ssDNA (Smith et al. 1996). Once the contour length of
0.34 nm/bp is reached during the stretching of dsDNA, the
force at a given extension increases more rapidly, defining the
enthalpic regime. In this region, dsDNA displays the elastic
characteristics of a polymer, both due to the response of the
sugar phosphate backbone and to a major response of the base
stacking to the stretching force (Marko and Siggia 1995). The
force versus extension curve now follows Hooke’s law,
explaining why this region is alternatively termed the elastic
regime. Both the elastic and entropic regimes are well de-
scribed by the high force approximation of the Extensible
Worm-Like Chain (WLC) model (Baumann et al. 1997;
Marko and Siggia 1995; Odijk 1995; Podgornik et al. 2000;
Wenner et al. 2002)

bds Fð Þ ¼ Bds 1−
1

2

kbT
Pds F

� �1=2 þ F
Sds

" #
; ð1Þ

where bds and F are the measured extension and force, respec-
tively, Pds is the persistence length, Bds is the contour length of
the DNA measured in the unit of nm/bp, and Sds represents the
elastic modulus, which takes into account the backbone extensi-
bility. At approximately 65 pN of stretching force, a clear tran-
sition is observed, where the length of the DNA has nearly
doubled and the force remains essentially constant (Cluzel
et al. 1996; Smith et al. 1996;Williams et al. 2002). This plateau
region is called the overstretching transition. In this region of
force-induced DNA melting, the DNA unwinds and many base
pairs betweenDNA strands are lost broken. Some base pairing in
the most stable GC-rich regions is preserved, allowing reversible
reannealing as stretching force is reduced. Some hysteresis is
observed, as indicated by the dotted curve in Fig. 2. If a DNA
molecule is stretched further, to about 1.7 times its contour
length, at a force above ∼150 pN in 100 mM Na+, the two
strands will fully separate, assuming the DNA is tethered to the
beads by opposite strands. (McCauley and Williams 2009). The
exact form of the DNA during the overstretching transition,
whether it reflects force-induced melting or a transition to anoth-
er double-stranded state, depends strongly on solution conditions
and attachment geometry (Bianco et al. 2011; Bongini et al.
2014a, b; Bosaeus et al. 2012, 2014; Fu et al. 2010; King et al.
2013; Paik and Perkins 2011; Shokri et al. 2008; van Mameren
et al. 2009; Williams et al. 2001a, b, 2002; Zhang et al. 2013).
However, it is clear that dsDNAbinding proteins such asHMGB
proteins, as well as intercalating small molecules, stabilize the
dsDNA structure, resulting in increased overstretching force as
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Fig. 2 Extension and release of a bacteriophage λ DNA. a Measured
extension (solid black) and release (dotted black) curves of bacteriophage
λ DNA (48,500 base pairs). (Adapted from McCauley et al. 2013;
Murugesapillai et al. 2014)
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more ligands are bound to the dsDNA molecule (Almaqwashi
et al. 2016; Chaurasiya et al. 2010; McCauley et al. 2005, 2007,
2008, 2013). Thus, dsDNA binding by proteins or other ligands
must be disrupted during overstretching.

Single box and double box HMGB proteins alter
the mechanical properties of DNA

For comparison of single and double box HMGB proteins, we
will first discuss the single box HMGB protein yeast Nhp6A
and the double box HMGB protein yeast HMO1 (Allain et al.
1999; McCauley et al. 2005, 2007, 2013; Murugesapillai et al.
2014; Paull et al. 1996; Skoko et al. 2004). Figure 3a shows
the solution NMR structure of the Nhp6A protein (PDB code:
1J5N). The three alpha helices are somewhat disordered be-
fore binding to DNA. A strong bend is induced in the DNA
upon protein binding into the minor groove with partial inter-
calation, altering base pair stacking and leading to partial
DNA unwinding.

In studies of Nhp6A, a 400 nM solution of Nhp6A protein
was introduced into the buffer solution surrounding bacterio-
phage λ DNA tethered in an optical tweezer apparatus. The
protein–DNA complexes were allowed to chemically equili-
brate. The subsequent stretching and release data collected in
the presence of Nhp6A are shown in red in Fig. 3b along with
the protein-free DNA data (in black) to facilitate comparison
(McCauley et al. 2013).

In the presence of HMGB proteins such as Nhp6A, the
force–extension curve (in red) is above the DNA-only curve
(in black) in the entropic region. This is due to protein-induced
DNA compaction as well as a reduction in the DNA persis-
tence length, resulting in DNA–protein complexes that are
shorter than free DNA at low forces. At stretching forces
above 10 pN, the contour length of Nhp6A-saturated DNA
is actually longer than DNA alone, presumably due to inter-
calation, as illustrated in Fig. 3b, c. This observation is con-
sistent with the solution NMR structure showing intercalation,
shown in Fig. 3a. The overstretching transition force increases
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Fig. 3 Binding of Nhp6A and HMO1 proteins to λ DNA characterized
by optical tweezers. a Solution structure of the yeast single box Nhp6A
protein bound to DNAwith intercalating amino acid side chains shown as
gray space-filled atoms (PDB code: 1J5N). b Force–extension curves are
shown for phage λ DNA in the absence (black) and presence (red) of the
single box Nhp6A protein. c Fits to theWLCmodel in the absence (black)

and presence (red) of Nhp6A. d Solution structure of a double box HMGB
protein bound to DNA (PDB code: 2GZK). e Force–extension curves are
shown for phage λ DNA in the absence (black) and presence (blue) of the
double box HMO1 protein. f Fits to the WLC model in the absence
(black) and presence (blue) of HMO1. (Adapted from McCauley et al.
2013; Murugesapillai et al. 2014)
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up to 73 pN, interpreted as Nhp6A stabilization of dsDNA,
due to preferential binding to dsDNA relative to ssDNA, as
shown in Fig. 3b. The extension and release curves are very
similar, suggesting that the protein does not fully dissociate
during stretch and release (time scale longer than 100 s). Even
after applying a force up to 200 pN, HMGB proteins were not
observed to dissociate, in contrast to what would be expected
for pure DNA bending proteins, which shorten DNA in a
process that is inhibited by force (McCauley et al. 2013).
The observed DNA behavior in the presence of HMGB pro-
teins is consistent with the fact that these proteins also inter-
calate, elongating the DNA in a process that is favored by
force (Farge et al. 2012; McCauley et al. 2005, 2007; Zhang
et al. 2009, 2012)

Figure 3d shows the solution NMR structure of a double
box HMGB protein bound to DNA (PDB code: 2GZK).
HMO1, another double box HMGB protein (Albert et al.
2013; Bauerle et al. 2006; Kamau et al. 2004), induces a
force–extension curve that is above the DNA-only curve be-
low 20 pN of stretching force (Murugesapillai et al. 2014), as
illustrated in Fig. 3e, f. The double box HMGB mitochondrial
regulatory protein TFAM displays similar effects (Farge et al.
2012). These effects illustrate the compacting, bending and
force-facilitated intercalating nature of these proteins.
Similar to single box Nhp6A, the double box HMO1 stabilizes
double-stranded DNA, which is illustrated by the increase of
the overstretching transition force, as shown in Fig. 3e.

These data can be fit to theWLCmodel given in Eq. (1) and
the elastic properties of the DNA–protein complexes can be
extracted. Saturation (the protein concentration above which
the persistence length does not change) is reached at 400 nM
for Nhp6A, 550 nM for HMGB2, 50 nM for TFAM, and 10
nM for HMO1 proteins (Farge et al. 2012; McCauley et al.

2013; Murugesapillai et al. 2014). Interestingly, these results
show that double box HMGB proteins have higher affinity for
DNA compared to single box proteins. To gain more insight
into themechanical properties of the HMGB–DNA complexes,
the elastic response of the dsDNA polymer in the absence and
in the presence of HMGB proteins is quantitated by fitting to
the WLC model. The upper limit used for the fit is ∼30 pN,
chosen to avoid twist–stretch coupling due to DNA unwinding
(Gross et al. 2011). Figure 3c represents fits to the WLCmodel
in the absence (black) and presence (red) of 400 nM Nhp6A.
Figure 3f represents fits to the WLC model in the absence
(black) and presence (blue) of 1 nM HMO1. The persistence
length obtained by fitting the data in the presence of saturating
concentrations of Nhp6A proteins is 5.5 ± 0.5 nm, remarkably
reduced from the ∼50 nm of DNA only (Table 1). Thus, DNA
flexibility in the presence of Nhp6A is drastically altered, on
the scale of tens of nm, as seen for ssDNA. This trend remains
true for double box HMGB proteins, revealing a powerful
function of such proteins in promoting nucleoprotein assem-
blies. At saturating concentrations, the single box Nhp6A (in
red) and the double box HMO1 (in blue) decrease the persis-
tence length of theDNAby 87 and 85%, respectively, as shown
in Fig. 4a. It is interesting to note that, to decrease the persistence
length of the DNA by a factor of two, the concentration of
double box versus single box differs by one order of magni-
tude. When the DNA is exposed to HMGB proteins, the effec-
tive DNA contour length increases up to 5 % for HMO1, and
12 % for Nhp6A, presumably reflecting the intercalating char-
acter of these proteins, as shown in Fig. 4b. Interestingly, as for
the persistence length, to increase the effective contour length
of the DNA to half of the total amount increased, the concen-
tration of the double box and single box differs by more than
one order of magnitude.

Table 1 Comparison of the fit parameters persistence length Pds, contour length Bds, and elastic stretch modulus Sds of theWLCmodel, all obtained at
saturated protein concentration, as well as the dissociation constantKD and the cooperativity parameterω for single box and double box HMGB proteins

DNAa DNA +Nhp6Aa DNA+HMGB2a DNA+ TFAM DNA+HMO1d DNA+Abf2p

Pds (nm) 48 ± 2 5.5 ± 0.5 4.6 ± 0.5 4 ± 2b 7.6 ± 1.0

Bds (nm/bp) 0.340 ± 0.002 0.378 ± 0.002 0.378 ± 0.001 0.367 ± 0.018b 0.363 ± 0.001

Sds (pN) 1400 ± 100 1000 ± 200 1600 ± 200 1300 ± 500b 1360 ± 400

KD (nM) 71 ± 14 180 ± 30 ∼4c

∼9b
2.3 ± 0.4 ∼400e

∼40f

∼1400g

ω 20 20 70 ± 14b 23 ± 4

a (McCauley et al. 2013)
b (Farge et al. 2012)
c (Kaufman et al. 2007)
d (Murugesapillai et al. 2014)
e (Cho et al. 2001)
f (Brewer et al. 2003)
g (Friddle et al. 2004)
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Furthermore, for both single box and double box HMGB
proteins, the overstretching force increases as the concentra-
tion is increased. Figure 4c shows the overstretching force for
Nhp6A (in red), HMO1 (in blue) and DNA (in black) for

reference. The colored arrows indicate the range over which
the average has been done. ΔF represents the difference in
overstretching forces upon HMGB protein binding.
Interestingly, HMO1 stabilizes dsDNA at much lower
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concentrations, reflecting its higher binding affinity, as shown
in Fig. 4d. To quantify these effects on DNA biophysical
properties, a DNA lattice binding model is applied, as
discussed below (McCauley et al. 2013; McCauley and
Williams 2011; Murugesapillai et al. 2014).

Quantifying HMGB-DNA binding using the McGhee-von
Hippel binding isotherm

In the cooperative McGhee–von Hippel binding isotherm,
DNA is considered to be a lattice of binding sites where pro-
teins can occlude the occupied binding sites. In this model, the
proteins first bind to DNAwith an intrinsic equilibrium asso-
ciation constant, KA, occupying n base pairs of the DNA upon
binding. The variable n is called the occluded binding site size.
Once the protein is already bound on the lattice, for another
protein to bind next to it, the affinity is enhanced by a factor ω,
where ω is defined as the cooperativity parameter. The coop-
erative McGhee–von Hippel binding isotherm is given by
McGhee (1976), McGhee and von Hippel (1974), and
Vologodskii (2015):

Θ ¼ KAcn 1−Θð Þ 2ω−1ð Þ 1−Θð Þ þΘ=n−R
2 ω−1ð Þ 1−Θð Þ

� �n−1 1− nþ 1ð Þ⋅Θ=nþ R
2 1−Θð Þ

� �2

ð2Þ
with

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− nþ 1ð Þ⋅Θ

.
n

� �2
þ 4ωΘ

n
1−Θð Þ

r
:

Here, Θ is the DNA fractional site occupancy and n is the
binding site size. The cooperative equilibrium dissociation
constant for the protein binding to the lattice is KD ¼ 1=KAω.

To describe the binding of HMGB proteins to DNA, Eq. 2
is applied. Previous studies can be used to estimate the occlud-
ed binding site size based on structural information or bio-
chemical assays. For example, n ∼ 7 for a single box HMGB
protein, as estimated from crystal structures (Churchill et al.
1999; McCauley et al. 2013) and n ∼ 30 for double box pro-
teins HMO1 (Kamau et al. 2004), n ∼ 30 for TFAM (Farge
et al. 2012) and Abf2p (Diffley and Stillman 1992), where all
the double box binding site sizes were estimated from
footprinting experiments. As an example, this model is ap-
plied to the measurements of Fig. 4. To do this, the assumption
that the overstretching force is proportional to the fraction of
proteins bound is considered, given by

Fov Θð Þ ¼ FD
ov þΘ⋅ FL

ov−F
D
ov

	 

; ð3Þ

where Fov
D is the protein-free value of Fov and Fov

L is the
protein-saturated value of Fov.

Figure 4c shows that the overstretching force increases in
the presence of HMGBproteins. This overstretching transition

force measured as a function of protein concentration gives a
titration curve that can be fit to Eqs. (2) and (3), assuming a
lattice binding model, to yield KD, ω, and the saturated
overstretching force, as shown in Fig. 4d (Kowalczykowski
et al. 1986; McGhee 1976; McGhee and von Hippel 1974;
Rouzina and Bloomfield 1998; Schellman 1974).

Assuming that the DNA and protein-bound sites can each
be treated as independent flexible hinges, the persistence
length can be written as (McCauley et al. 2013; Rouzina and
Bloomfield 1998)

Pds Θð Þ ¼ PL⋅PD

PL þΘ⋅ PD−PLð Þ ; ð4Þ

where PD is the protein-free value of Pds and PL is the protein-
saturated value of Pds. This fit also yields KD and ω, as well
as PL. Another approach to fit these hybrid DNA–protein com-
plex curves is to assume that the protein complex force–exten-
sion curves are a linear combination of a DNA-only curve and a
DNA curve when saturated with protein. This allows direct
calculation of Θ cð Þ from each force–extension curve (Farge
et al. 2012; McCauley et al. 2013) using the following relation.

b ¼ ΘbL þ 1−Θð ÞbD ð5Þ

where bD is the protein-free extension, bL is the protein-
saturated extension, and b is the concentration-dependent mea-
sured extension, all as a function of force. The resulting Θ cð Þ
curve can then be fit to any binding model. However, the latter
method requires a reliable measurement of the force–extension
curve for the fully saturated DNA–protein complex. This pro-
cedure was used to determine the DNA binding affinity of
TFAM, assuming a WLC model for both DNA-only and
protein-saturated DNA (Farge et al. 2012). The results obtained
from the procedure in Eq. (4) agreed reasonably well with those
from Eq. (5), even when fitting Eq. (5) to a linear combination
of the WLC (for DNA) and FJC (for protein-coated
DNA)(McCauley et al. 2013). Therefore, the results from
concentration-dependent fits to force–extension curves do not
appear to depend strongly on which of the above methods is
used.

Similarly, the contour length is given by

Bds Θð Þ ¼ BD þΘ⋅ BL−BDð Þ; ð6Þ
where BD is the protein-free value ofBds, and BL is the protein-
saturated value of Bds.

Thus,KD andω can also be obtained independently by fitting
Eqs. (2), (4), (5), or (6) to the concentration-dependence of
the force–extension curve in Eq. (1), illustrated in Fig. 4a, b,
and d (McCauley et al. 2013; Murugesapillai et al. 2014). The
KD obtained from the different methods are all in reasonable
agreement. Interestingly, the cooperativity parameter ω al-
lows one to calculate the free energy of protein–protein inter-
actions, given by kBTln(ω). Thus, single box and double box
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HMGB proteins interact with themselves with similar affinity,
although their KD for DNA binding differs by one order of
magnitude. The results of fits to this model are shown when
available in Table 1. Fits to other, simpler models have also
been used to determine binding affinities from force–exten-
sion data (Biebricher et al. 2015; Cruceanu et al. 2006).

AFM studies of DNA interactions with HMGB
proteins

Global flexibility

Although optical tweezers allow one to determine the overall
average flexibility of a single DNA molecule in the absence
and presence of binding proteins, this does not reveal how
individual proteins induce changes in flexibility. To determine
the effects of local protein binding, atomic force microscopy
(AFM) experiments can be used for direct imaging of local
DNA bending angles on a surface. A schematic diagram of the
experiment is shown in Fig. 5a. HMGB–DNA complexes
were imaged in air on a mica surface that had been modified
with Mg2+ ions as shown in Fig. 5a. The topography of the
mica surface decorated with pBR322 DNA only is first ob-
tained, as shown in Fig. 5b. Furthermore, to investigate the
effect of HMGB proteins upon binding DNA, HMO1–DNA
complexes are imaged, as shown in upper left inset of the
Fig. 5d. As described above, global DNA flexibility is defined
by the persistence length. To determine the persistence length,
p, the orientation differences θ along the DNA as a function of
contour length segment L, as shown in Fig. 5c, are fit to the
two-dimensional WLC model (Rivetti et al. 1996; Wiggins
et al. 2006).

cos θð Þh i ¼ e
−L
.

2p ð7Þ

In cases where the bend angle orientations are difficult to
reliably define, simulations of the DNA bending can also be
helpful (Dame et al. 2005). Interestingly, these measurements
show that the DNA flexibility increases in the presence of
HMO1, with p = 39 ± 2 nm (in blue), compared to DNA in
the absence of proteins on this surface, where p = 59 ± 2 nm
(in red), obtained by fitting to Eq. (7), shown in Fig. 5d.

Local flexibility

Since AFM allows one to resolve protein-bound sites from
DNA only, it is now possible to investigate how HMGB pro-
teins increase the apparent flexibility of DNA as well as the
nature of the induced bends. A three-dimensional topography
of the surface in the presence of HMO1 proteins bound to

DNA is shown in Fig. 6a. Protein-bound sites are represented
by white peaks along the DNA.

A protein-induced DNA bending angle, β, is measured at
each bound protein site. The green dots represent the equidis-
tant segment length of 50 nm used to draw the two adjacent
line segments (in gold), as shown in Fig. 6b. The measured
angle could be either clockwise (positive) or counterclockwise
(negative). Both directions are taken into account resulting in
a bi-Gaussian fit (in red), as shown in Fig. 6c (Murugesapillai
et al. 2014; Zhang et al. 2012). The measure of protein-
induced DNA bending angle resulted in a histogram with a
moderately broad distribution (Fig. 6d). This is significantly
different from the results observed for one study of HU pro-
teins, which reported a flat distribution of angles, shown in
Fig. 7e (van Noort et al. 2004).

By fitting the bend angle distribution to a bi-Gaussian func-
tion, the average bend angle β and the standard deviation σ
can be determined. The standard deviation σ illustrates the
extent to which the DNA is flexible around the average angle
β. A smaller value of σmeans the bends are more likely to be
near the average bend angle and a larger σ means that the
bends are distributed more widely around the average bend
angle. The standard deviation of the distribution, σ, was de-
termined to be 33 ± 3° andβ averaged 38 ± 2.0° for the double
box HMO1, as shown in Fig. 6d (Murugesapillai et al. 2014).
Interestingly, AFM studies carried out on a dried surface re-
vealed bending angles of 100 ± 20° for TFAM and 78° for
Abf2p (Friddle et al. 2004; Kaufman et al. 2007; Parisi et al.
1993). For comparison, in the absence of protein, the standard
deviation of DNA bending angles is about 24° centered at zero
degrees (Rivetti and Codeluppi 2001; Zhang et al. 2009,
2012).

Non-equilibrium binding and kinetics measurements

Static kink and flexible hinge models

Force–extension measurements and AFM imaging allow char-
acterization of the increased flexibility of DNA in the presence
of HMGB proteins. It is now interesting to compare specific
models to determine the biophysical mechanism by which
HMGB proteins accomplish this important task. In particular,
the data distinguishing the two prevailingmodels for this effect,
referred to as the Bstatic kink^ and Bflexible hinge^ models
(McCauley et al. 2005; van Noort et al. 2004), are reviewed.

In the static kink model, the protein binds to DNA and
induces a bend angle, β. While the protein remains electro-
statically bound in the vicinity of the DNA, it experiences
cycles of dissociation and re-association such that each bind-
ing event induces the same bend angle β at a new position. By
random introduction of these static kinks upon binding DNA,
these proteins endow the DNA with greater apparent
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flexibility over many binding–unbinding cycles, as shown in
Fig. 7a. Thus, any two DNA sites experience higher local
concentration. A histogram of measured local protein-
induced DNA bend angles for the single box protein human
HMGB2 and fit (in red) is shown in Fig. 7b. The average
measured angle peaks at 64.5 ± 2.0° with σ = 26.0 ± 1.7°.
Thus, for the single box HMGB2, the range of DNA bend
angles around the protein-induced DNA bend is not greater
than that expected for DNA alone. This narrow standard de-
viation illustrates the static kink model, as shown in Fig. 7c.

In contrast to the static kink model, the flexible hinge
model proposes the creation of a flexible hinge in DNA at
the site of the bound protein. β′ (in purple) represents a
binding event, as shown in Fig. 7d. These irregular bends
also make the DNA appear more flexible. For HU proteins,
the histogram of measured local protein-induced DNA
bend angles shows a broad distribution of angles and stan-
dard deviation illustrating the flexible hinge model, as
shown in Fig. 7e. Although these data provide an excellent
example of a pure flexible hinge protein, it is worth noting
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Fig. 5 Global flexibility. Binding of double boxHMO1 to pBR322DNA
characterized by atomic force microscopy (AFM). a Schematic of the
AFM instrument used to image DNA–protein interactions. b A two-
dimensional image illustrates linearized pBR322 DNA on a mica surface
(scale bar 300 nm). c Schematic diagram showing local DNA bend. The
angle is calculated from two adjacent line segments (gold) drawn between

three agacent points, separated by a distance L (green dots). d A fit to the
two-dimensional WLC model (Eq. 7) enables the calculation of DNA
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white dots are bound protein; scale bar 200 nm) of 3 nM HMO1 protein.
(Adapted from Murugesapillai et al. 2014)
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that a few other studies suggest less flexibility for HU
(Kundukad et al. 2013; Sagi et al. 2004). The local flexi-
bility around the mean bend angle β is given by the stan-
dard deviation σ, as shown in Fig. 8a. The nature of these
bends with the average bend angles β along its standard
deviation for both single and double box HMGB proteins
are summarized in Table 2 and illustrated in Fig. 8b.

The results in Table 2 suggest that HMGB proteins can
generally be described either by a static kink model or as
an intermediate between the static kink and flexible hinge
models. One possible exception is that of TFAM, as Farge
et al. (2012) concluded, based on the force dependence of
protein binding, that TFAM acts as a flexible hinge.
However, this is in disagreement with the results of
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Kaufman et al. (2007). In any case, the bulk of the results
on the mechanism of DNA bending by HMGB proteins
are inconsistent with the flexible hinge model initially
invoked to explain slow dissociation of HMGB proteins
from DNA in optical tweezers experiments (McCauley
et al. 2005). Thus, a perceived discrepancy between
AFM studies and optical tweezers experiments arose.
Understanding and resolving this discrepancy required di-
rect measurements of HMGB–DNA binding kinetics,
which have been obtained using magnetic tweezers and
fluorescence measurements. Such measurements will be
discussed in the next section.

Magnetic tweezers and fluorescence measurements reveal
HMGB-DNA binding kinetics

Using magnetic tweezers to characterize HMGB protein bind-
ing to DNA, an initially perplexing result was obtained
(Skoko et al. 2004). It was reported that at 0.5 pN stretching
force in the presence of Nhp6A, the length of the DNA de-
creased from 15 to 7 μm, as shown in Fig. 9a. After ∼ 10 min,
free protein was washed from the experimental chamber as
previously described for optical tweezers experiments.
Surprisingly, protein dissociation from DNA was not ob-
served, and the DNA remained compacted at 7 μm. Only after

Fig. 7 Models describing the
nature of local flexibility induced
by HMGB proteins upon binding
DNA. a In the static kink model,
the protein binds to DNA and
induces a bend angle, β. While
the protein remains
electrostatically bound in the
vicinity of the DNA, it can
dissociate and associate and each
binding event induces the same
bend angle, β. b Measured local
protein-induced DNA bend
angles for the single box protein
human HMGB2 (Box A) and fit
(red). The average measured
angle peaks at 64.5 ± 2.0° with
σ = 26.0 ± 1.7°. c Model
describing the average bend angle
and the standard deviation. The
narrow standard deviation is
indicative of a static kink model.
d In the flexible hinge model, the
protein induces a different bend
angle at each binding event, and
β2′ (purple) represents a binding
event after some time. eMeasured
local protein-induced DNA bend
angles for HU proteins. The
distribution of angles is very
broad. f Model describing the
average bend angle and the
standard deviation. The broad
standard deviation is indicative of
a flexible hinge model. (Adapted
from Zhang et al. 2012 and van
Noort et al. 2004)
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free competitor DNA molecules were introduced did Nhp6A
dissociate from the tethered DNA and DNA compaction was
relieved, as shown in Fig. 9a. Thus, the off-rate of proteins
appeared to depend on the concentration of nearby molecules
(Hadizadeh et al. 2016).

Recently, it was calculated that the Nhp6A protein dissoci-
ation rate from DNA in the absence of protein in solution is
extremely low, ∼10−3 s−1, such that the average protein disso-
ciates every ∼ 16 min (McCauley et al. 2013; Skoko et al.
2004). In addition, magnetic tweezers experiments have been
combined with detection of fluorescent proteins, including
Nhp6A, bound to single dsDNA molecules, as shown in
Fig. 9b, to probe the dissociation and exchange of DNA-
bound proteins (Graham et al. 2011). In this experiment, the
authors start with a DNAmolecule tethered to a bead (Fig. 9b,
panel a). They then introduced 200 nM gfpFis fluorescent pro-
tein (a prokaryotic architectural protein) to the chamber con-
taining the tethered single DNA molecule, washed with 1 mL
buffer, and imaged (Fig. 9b, panel b). Notably, the fluorescent
protein did not dissociate from the DNA during washing.

However, when unlabeled wtFis was then incubated for
3 min and again washed with 1 mL buffer and imaged, the
fluorescent protein dissociated from the DNA (Fig. 9b, panel
c), presumably due to exchange of unlabeled wtFis for labeled
gfpFis. When gfpFis was again introduced and imaged, fluo-
rescent protein was again observed, presumably after labeled
gfpFis exchanged for unlabeled protein. The same procedure
was repeated, but wtHU was observed to exchange for gfpFis
(Fig. 9b, panels e–g). Finally, wtNhp6A was also exchanged
readily with gfpFis (Fig. 9b, panels h–j).

It can be seen that DNA is coated by gfpFis even after
buffer wash in each case, illustrating the very slow protein
dissociation rate from DNA in the absence of protein in solu-
tion. Flowing wtFis (or other unlabeled proteins, such as bac-
terial HU and yeast Nhp6A) removed gfpFis from the DNA
and from the bead (due to DNA coils on the bead). In addition,
in each case, gfpFis was subsequently able to exchange with
the unlabeled proteins, as observed in the bottom panels of
Fig. 9b. Quantitative analysis revealed that the gfpFis dissoci-
ation rate was faster when the concentration of exchanging
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which we refer to as intermediate

Table 2 Comparison of the bend angle of the single box and double box HMGB proteins Nhp6A, HMGB2, HMO1, TFAM and Afb2p

DNA Only and HMGB proteins (AFM in air) β (°) σ (°) Nature of the bends Reference

DNA only 0 24 Zhang et al. 2009

Nhp6A (single box) 54.5 ± 2.6 38.0 ± 2.0 Intermediate Zhang et al. 2012

HMGB2 (Box A, single box) 64.5 ± 2.0 26.0 ± 1.7 Static kink Zhang et al. 2012

HMO1 (double box) 38 ± 2 33 ± 3 Intermediate Murugesapillai et al. 2014

TFAM (double box) 100 20 Static kink Kaufman et al. 2007

Abf2p (double box) 78 8 Static kink Friddle et al. 2004
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wtHU was increased, as shown in Fig. 9c. These experiments
demonstrated a surprising linear dependence of the protein
dissociation rate on free protein concentration (Fig. 9d), con-
tradicting the standard bimolecular reaction scheme (Graham
et al. 2011). The implications of these observations for HMGB
protein behavior are discussed below. It is also interesting to
note that it has been shown for the case of Nhp6A that there is
a linear dependence of dissociation rate on the concentration
of DNA, and a small dependence on the length of the DNA
molecules (Aragay et al. 1988; Fried and Crothers 1984;

Giuntoli et al. 2015; Menetski and Kowalczykowski 1987;
Ryan and Crothers 1984; Schneider and Wetmur 1982; von
Hippel and Berg 1989).

The binding and bending of HMGB protein has also been
studied using single-molecule fluorescence resonance energy
transfer (FRET) experiments. In those experiments, fluores-
cent donor and acceptor molecules were used to investigate
the nature of the bends induced byNhp6A uponDNA binding
(Coats et al. 2013). Within the time resolution of the experi-
ment, a single high FRET state was observed upon Nhp6A

(a) (b)

(c) (d)

Fig. 9 Protein-DNA off-rate in single molecule experiments is bimolec-
ular. a The DNA is compacted in the presence of Nhp6A, the extension is
reduced from 13.5 to 7 μm. No return of the extension was observed
when buffer solution was flowed at ~600 s (transition from light to dark
symbols on the graph), but after flowing competitor DNA fragments at
~2400 s, the compacted DNA recovered its initial length. b Fluorescence

images of Fis exchange illustrates that not all proteins have exchanged.
See text for description of individual frames. c Fluorescent protein is
exchanged for non-fluorescent wild-type HU, a decrease in fluorescence
intensity is observed. d Exchange rate obtained from each fit in (c) is
proportional to concentration of wild-type HU in solution (Adapted
from Skoko et al. 2004 and Graham et al. 2011, with permission)
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binding, consistent with the static kink model. The HMGB1
protein together with RAG1/2c was shown to strongly bend
RSS DNA upon binding as part of V(D)J recombination
(Ciubotaru et al. 2013). In addition, tethered particle motion
experiments have been used to study the role of HMGB1
protein in enhancing RAG1/2c-RSS induced bending
(Lovely et al. 2015).

DNA looping proteins

Increased DNA flexibility in the presence of HMGB proteins
enhances the probability for the DNA to cross itself, increas-
ing the potential for DNA loop formation if proteins are pres-
ent that can stabilize crossing nodes. In optical tweezers ex-
periments, the DNA can be maintained at a very low force
(F ≈ 0 pN), allowing the DNA to cross itself as shown in
Fig. 10a. The presence of HMO1 proteins stabilizes these
crossing nodes, as shown in Fig. 10b. To disrupt these loops,
a force of few pN is applied and each jump in the experimental
force–extension curve represents a loop breaking event (in
blue) as illustrated in Fig. 10c. As pulling continues, the loops
are broken progressively, shown in Fig. 10d. From these loop
breaking events, it was possible to estimate both the DNA
loop size, ΔBds, (by fitting to the WLC model) and as well
as the loop breaking force (Murugesapillai et al. 2014), as
shown in Fig. 10e. The most probable loop size was found
to be between 400 and 600 base pairs, shown in Fig. 10f, and
the most probable breaking force was between 10 and 15 pN,
although this is dependent on the pulling rate, illustrated in
Fig. 10g. Interestingly, in the optical tweezers experiments it is
observed that pulling at a slow rate (100 nm/s) resulted in
fewer loops, suggesting that loops must form and break spon-
taneously. Loops were found to be stable on short time scales,
reflected by the higher required force to break loops at higher
pulling rates.Motors such as RNA polymerase move at ∼4 nm
per second (Galburt et al. 2007) and would not be retarded by
transient HMO1-mediated loops because the loops should
spontaneously break on the timescale of motor movement
(Murugesapillai et al. 2014).

AFM studies also show DNA loops stabilized by HMO1,
as illustrated in Fig. 11a–c. Figure 11d shows a histogram of
loop sizes mediated byHMO1 inAFM experiments. Themost
probable loop is found between the range of 400–600 bp,
similar to that observed with optical tweezers, showing that
HMO1 binds to crossover nodes and stabilizes loop structures
(Crampton et al. 2007; Murugesapillai et al. 2014; Neaves
et al. 2009). Recent studies confirm that HMGB proteins such
as TFAM and HMO1 are also able to mediate and stabilize
DNA loops, a proposed mechanism for DNA compaction
(Kukat et al. 2015; Murugesapillai et al. 2014). In contrast,
an earlier tethered particle motion study suggested that loop
formation is not mediated by TFAM (Farge et al. 2012).
Further experiments are needed to resolve these discrepancies.

Constant force measurements reveal kinetics of DNA
compaction by HMGB proteins

To study the compaction of DNA by HMGB proteins, con-
stant force optical tweezers experiments were performed.
The DNA is held in a flow cell using a force feedback
method to achieve a constant force of 10 pN and the
DNA end-to-end distance is recorded, as shown in
Fig. 12a. When HMGB proteins are introduced into the
flow cell a decrease in DNA end-to-end distance is ob-
served. This corresponds to a drop in the DNA end-to-end
distance-time curve, as shown in Fig. 12b. A longer wait
time resulted in the compaction of the DNA, which is indi-
cated by the observed plateau in the DNA end-to-end
distance-time curve. The change in the position of the bead
illustrates the extent of DNA compaction by HMGB pro-
teins, as shown in Fig. 12c. The experimental curves in
Fig. 12d, e illustrate this method. In black is shown the
extension curve of DNA in the absence of HMGB proteins.
The DNA molecule is then held at 10 pN and exposed to 10
nM HMO1 in Fig. 12d (Murugesapillai et al. 2014) and 50
nM TFAM in Fig. 12e (Farge et al. 2012). In both cases, the
distance between the beads was recorded over time (in
green), shown in the inset in Fig. 12d, e.

The measured extent of DNA compaction can be used to
determine the compaction rate for HMO1 and TFAM.
Fitting the change in the DNA end-to-end distance at con-
stant force to a single exponential time dependence, the
compaction rate constants for 10 nM HMO1 and 50 nM
TFAM under these conditions were found to be k = 0.64 ±
0.10 s−1 (τ = 1.6 ± 0.2 s) and k = 0.074 s−1 (τ = 15 s), respec-
tively (shown in red in the inset of Fig. 12d; Farge et al.
2012; Murugesapillai et al. 2014). Furthermore, dual trap
optical tweezers have been combined with fluorescent
TFAM proteins to investigate binding and unbinding events
(Farge et al. 2012), as shown in Fig. 13a. In this experiment,
a single molecule of DNA is kept at a constant force and
exposed to protein in solution. Then the DNA is moved to a
protein-free solution and frames at different time intervals
are analyzed. A longer wait time resulted in an increase in
unbinding events. The decay of fluorescence intensity in
time allows the measurement of the dissociation rate, (3.2
± 0.6) × 10−3 s−1 (τ = 315 ± 50 s), shown in Fig. 13b. The
observed very slow dissociation rate is consistent with mea-
surements on Nhp6A with magnetic tweezers, discussed
above. The unbinding of protein has resulted in an increase
in the DNA effective contour length, as shown in Fig. 13a
and in the inset of Fig. 13b. To understand the very slow
dissociation rates measured in these experiments, we can
make use of the ability of HMGB proteins to torsionally
constrain DNA. This allows us to probe the difference be-
tween microscopic and macroscopic protein dissociation
rates, described in the next section.
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Torsionally constrained DNA introduced by protein
binding

When single DNA molecules are tethered to beads such that
only one strand is attached, the two DNA strands are free to
rotate relative to one another (unwind) under a stretching
force. Such DNA is therefore torsionally unconstrained.
However, if both termini of each DNA strand are attached,
the termini are unable to rotate, resulting in torsionally
constrained DNA. Torsionally constrained DNA displays an

overstretching force of 110 pN, whereas the overstretching
force for torsionally unconstrained DNA is 65 pN, as illustrat-
ed in Fig. 14a, b for comparison (Leger et al. 1999; van
Mameren et al. 2009; Williams et al. 2009). A detailed char-
acterization of the biophysical properties of stretched, torsion-
ally constrained DNA has been recently published (King et al.
2016). Here, we will use the difference in force between
overstretched torsionally constrainedDNA and torsionally un-
constrained DNA to characterize HMGB protein–DNA
interactions.

Fig. 10 Protein–DNA loop formation as a mechanism for DNA
compaction. a–d Schematic illustrating the formation and breaking of
loops. When the DNA is held at low forces, HMO1 proteins are able to
mediate and stabilize loops and the force–extension curve is relatively flat
(b). Here, the blue line represents the force–extension curve. In contrast,
when the DNA is extended further, the force–extension curve shows
jumping events, revealing the breaking of loops mediated by HMO1
(c). As the DNA is further extended, unlooped DNA with proteins

bound is stretched (d). e Force–extension curves for phage λ DNA in
the presence of 0.3 nM HMO1. Each jump illustrates a loop-breaking
event. Fitting is to the WLCmodel (solid red lines). Loop size is estimat-
ed by measuring the contour length change over the force jump. f Loop
sizes. The most probable loop size is between 400 and 600 bp. g Loop
breaking forces. Themost probable loop breaking force is between 10 and
15 pN at this pulling rate of 950 nm/s. (Adapted from Murugesapillai
et al. 2014)
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At low pulling rates in the presence of HMGB protein,
the overstretching transition force of torsionally uncon-
strained DNA increases from 65 to ∼75 pN. It is interest-
ing to note that at high pulling rates HMGB proteins
increase the overstretching transition to forces comparable
to those observed for torsionally constrained DNA, as
shown in Fig. 14c. Thus, high pulling rates for DNA–
HMGB protein complexes reveal the appearance of a
torsionally-constrained DNA form that resists unwinding.

This torsional constraint occurs on a short timescale and
is not observed during slow pulling (McCauley et al.
2013).

Measurement of microscopic protein dissociation rates

By quantifying the pulling rates at which DNA appears tor-
sionally constrained by HMGB proteins, a microscopic disso-
ciation rate was determined with optical tweezers. Rapid
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Fig. 11 HMO1 bridges, loops and compacts DNA. a Two-dimensional
representation of bridges and loops mediated by 3 nM HMO1 in the
presence of 0.11 nM pBR322 DNA (scale bar 200 nm). b Three-
dimensional representation of a looped single DNA molecule; the cross-
sections of DNA only, DNA with protein-bound, protein bridging two
DNA double helices, and two DNA double helices held close to each
other by protein on its ends are shown in green, red, purple and blue,
respectively. The top right inset displays a two-dimensional
representation of locally probed HMO1–DNA complexes (scale bar

100 nm). Graphs of the heights (bottom-left inset) are shown for each
cross-section on the image (c) Two-dimensional representation of
HMO1 looping (protein-bound at the intersection of a loop) and
bridging (protein-bound holding two strands close together) a DNA
molecule. Traced loops are shown in blue. Inset Original AFM image
without traces (scale bar 100 nm). d DNA loop sizes mediated by
HMO1. The color bar in each panel represents the sample height
ranging from 0.0 to 2.0 nm. (Adapted from Murugesapillai et al. 2014)
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microscopic dissociation events had previously been unde-
tectable because re-association was practically simultaneous.
Single molecule experiments had detected apparent
macroscopic HMGB protein dissociation rates, hundreds of
times slower than would be predicted from observed equilib-
rium dissociation constants and binding on-rates. To quantify
microscopic dissociation kinetics, the critical pulling rate,
vHMGB, is defined as the pulling rate at which the protein

naturally releases its torsional constraint during the time that
the DNA is overstretched.

Fov vð Þ ¼ FL
ov þ

v
vþ vHMGB

FT
ov−F

L
ov

	 
 ð8Þ

vHMGB ¼ koff ;microNΔx ð9Þ
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where Fov
L is the protein-saturated equilibrium value observed

at low pulling rates, and FT
ov is the torsionally constrained

overstretching force, which is obtained in the limit of high

pulling rate. N is the total number of base pairs and Δx = xss
− xds = 0.18 nm/bp is the difference in contour length between
ssDNA and dsDNA. koff,micro is obtained from Eq. (10) using
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Fig. 13 Study of 50 nM TFAM binding and unbinding events on DNA
held at 10 pN. a The frames illustrate the unbinding events of TFAM from
DNA. b Fluorescence intensity as a function of time for a molecule held at

a constant force and covered with TFAM. The red line represents a fit to
obtain the dissociation time. The distance between beads increases as a
function of time (inset). (From Farge et al. 2012, with permission)
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the value for vHMGB from fits of the data in Fig. 14d to Eq. (8).
The measured value of koff,micro is ∼ 0.1 s−1 for Nhp6A. This is
at least two orders of magnitude faster than the macroscopic
off-rate measured in prior single molecule experiments
(Graham et al. 2011; Skoko et al. 2004).

Furthermore, under equilibrium conditions, the equilibrium
dissociation constant can be calculated.

DNAþ HMGB ⇌
koff

kon

DNA⋅HMGB ð11Þ

KD ¼ DNA½ � HMGB½ �
DNA⋅HMGB½ � ¼

koff
ka

; ð12Þ

where the association rate constant ka = kon/c has units of
M−1s−1.

If it is assumed that the microscopic off-rate corresponds to
the equilibrium off-rate measured in a bimolecular reaction,
the dissociation rate constant for this binding reaction can also
be calculated according to Eq. (12). The obtained values are
consistent with those expected for a typical bimolecular reac-
tion, as discussed below.

Here, koff,micro is determined from torsionally constrained
DNA stretching. The association rate ka according to this cal-
culation depends linearly on concentration and yields ∼
106 M−1s−1 (McCauley et al. 2013). In magnetic tweezers
experiments, rapid binding has been observed near KD on a
time scale of τon∼ 1 s (that is the time it takes for the protein to
bind to a single DNA molecule when the proteins are flowed
into the chamber with the DNA) (Skoko et al. 2004). Thus,
from the measured association rate and the experimental value
of the equilibrium dissociation constant, KD, the association
rate constant ka can also be estimated as

ka ¼ 1

τonKD
; ð13Þ

yielding ka∼ 106 M−1s−1. This result supports the deduction
that the microscopic off-rate detected in this experiment is the
rate relevant for bulk biochemical experiments (McCauley
et al. 2013).

Interpretation of kinetics results

To explain these results, it is suggested that HMGB proteins
partially dissociate from local DNA binding sites and remain
electrostatically bound, perhaps sliding along the DNA mole-
cule (Fig. 15), as previously proposed (Graham et al. 2011).
This model predicts that HMGB proteins will remain in con-
tact with DNA through favorable electrostatic interactions but
not be locally tightly bound. Thus, strong short-range interac-
tions are responsible for DNA bending, and these interactions
are released at a rate of ko f f ;micro, while weak long-range
electrostatic interactions, which are released at a rate of
ko f f ;macro, promote diffusion along DNA through loose bind-
ing (Fig. 15). The ratio of the apparent macroscopic and mi-
croscopic off-rates is ∼1000, suggesting that HMGB proteins
undergo incomplete (microscopic) dissociation with local dif-
fusion about 1000 times for each complete (macroscopic) dis-
sociation event. Both microscopic and macroscopic rates are
needed to explain the AFM, optical and magnetic tweezers
results summarized here. Moreover, microscopic kinetics are
revealed in the presence of free protein that acts in a compet-
itive manner to facilitate dissociation from the DNA of protein
that is loosely (macroscopically) bound. In contrast, micro-
scopic dissociation kinetics are obscured in the absence of free
protein, resulting in the appearance of anomalously slow dis-
sociation kinetics (Graham et al. 2011; Zimmerman and
Maher 2008).

Conclusions

We have described here how equilibrium HMGB protein–
DNA interactions and binding kinetics have been character-
ized in detail using optical tweezers, magnetic tweezers,
AFM, and fluorescence imaging. These experiments have
allowed quantitative insight into enhancement of DNA flexi-
bility by different sequence-nonspecific eukaryotic HMGB
proteins and functionally related prokaryotic proteins.
Apparent DNA flexibility is increased through a combination
of two effects. Local hinge-like flexibility can be induced in
DNA at the HMGB protein binding site. In addition,

k
off,macro

k
off,micro Diffusion

Fig. 15 Schematic interpretation of fast microscopic dissociation versus
slow macroscopic dissociation. While remaining electrostatically bound,
HMG proteins locally dissociate from bent DNA at a rate described by

koff,micro and then diffuse along DNA before rebinding (not shown) or
fully escaping from DNA at a rate described by koff,macro
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stochastic protein-induced DNA bending, unbending upon
protein dissociation, and re-bending upon protein re-
association at new sites results in an overall average increase
in sampled DNA conformations. While all HMGB proteins
increase DNA flexibility, single box proteins do so more effi-
ciently for each bound protein, typically with a greater in-
duced DNA bending angle due to lack of co-directionality in
the two bends induced by double box proteins. However, at a
given protein concentration, double box proteins often have
larger effects on DNA flexibility due to their higher binding
affinities (Table 1). In addition to DNA flexibility enhance-
ment, the yeast double box protein HMO1 alsomediates DNA
looping, which may play a role in maintaining DNA compac-
tion in nucleosome-free chromatin regions (Murugesapillai
et al. 2014).

Novel rapid pulling experiments using optical tweezers
have also revealed that HMGB proteins torsionally con-
strain DNA on a short time scale. This has allowed sen-
sitive measurement of a microscopic protein dissociation
rate, helping to clarify protein concentration-dependent
dissociation rates observed in single molecule fluores-
cence imaging experiments (Graham et al. 2011).
Microscopic dissociation rates of 0.15 ± 0.01 and 0.88 ±
0.09 s−1 were measured for Nh6pA and for HMGB2 Box
A, respectively. The detection of a distinct and rapid mi-
croscopic dissociation rate suggests that HMGB proteins
can dissociate from a particular binding site, while re-
maining territorially bound to the DNA molecule. These
findings emphasize that the apparent flexibility of naked
DNA is increased by HMGB proteins through a constant-
ly reorganizing ensemble of transiently-kinked HMGB–
DNA complexes. These results also emphasize the impor-
tance of both strong short-range interactions (responsible
for DNA binding and bending) and weak long-range elec-
trostatic interactions (responsible for protein diffusion
along DNA after partial dissociation). It is likely that
these properties will characterize other non-sequence spe-
cific DNA binding proteins (Giuntoli et al. 2015;
McCauley et al. 2013).
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