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Abstract

High mobility group box (HMGB) proteins are abundant nonhistone proteins found in all eukaryotic nuclei and are
capable of binding/bending DNA. The human HMGB1 is composed of two binding motifs, known as Boxes A and B,
are L-shaped alpha-helix structures, followed by a random-coil acidic tail that consists of 30 Asp and Glu residues.
This work aimed at evaluating the role of the acidic tail of human HMGB1 in protein stability and DNA interactions.
For this purpose, we cloned, expressed and purified HMGB1 and its tailless form, HMGB1ΔC, in E. coli strain.
Tryptophan fluorescence spectroscopy and circular dichroism (CD) experiments clearly showed an increase in
protein stability promoted by the acidic tail under different conditions, such as the presence of the chemical
denaturant guanidine hydrochloride (Gdn.HCl), high temperature and low pH. Folding intermediates found at low pH
for both proteins were denatured only in the presence of chemical denaturant, thus showing a relatively high stability.
The acidic tail did not alter the DNA-binding properties of the protein, although it enhanced the DNA bending
capability from 76° (HMGB1ΔC) to 91° (HMGB1), as measured using the fluorescence resonance energy transfer
technique. A model of DNA bending in vivo was proposed, which might help to explain the interaction of HMGB1 with
DNA and other proteins, i.e., histones, and the role of that protein in chromatin remodeling.
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Introduction

High mobility group box (HMGB) proteins belong to a
superfamily of nuclear proteins with DNA-binding capabilities
[1]. The human HMGB1 protein is composed of 215 amino
acids and is functionally divided into three domains: two
positively charged DNA-binding motifs (Boxes A and B) and a
C-terminal domain composed of a segment of 30 acidic
residues (Figure 1A). The two boxes are structurally similar,
comprising 3 α-helices that confer an “L-shaped” DNA-binding
domain, with an angle of 80° between the arms [2–5]. The
minor groove of the DNA molecule binds to the concave side of
the boxes with no sequence specificity. The current model of
action suggests that the HMGB1 protein is capable of binding
to and bending DNA randomly, remodeling chromatin in a “hit
and run” fashion [6]. HMGB1 has been shown to have high
affinity for topologically modified DNA, such as 4-way junctions
and kinked, bulged and minicircle DNA [7–10].

HMGB1 proteins are extremely conserved in evolution, with
99% conservation in all mammalians studied, implying similar
biological functions [11]. These proteins are also the most
abundant non-histone protein in the nucleus, with one molecule
per 10-15 nucleosomes [12]. The interaction with DNA is very
dynamic and transient; HMGB1 was found to be the most
mobile protein in the nucleus, crossing this organelle within 2
seconds [13,14].

The first DNA bending assay with HMGB1 was performed
using the fluorescence resonance energy transfer (FRET)
technique using the protein from Chironomus [15]. These
experiments revealed that HMGB1 could promote a bending
angle of 150°. Subsequently, another study measured the
bending angle of HMG-D and HMG-Z from Drosophila,
cHMG1a of Chironomus and NHP6A from Saccharomyces
cerevisiae [16]. The protein lacking the C-terminal acidic tail
(HMGB1ΔC) or one of the boxes was studied by atomic force
microscopy (AFM) and dual-laser beam optical tweezers
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[17,18]. The two techniques determined similar bending angles,
with 67° for HMGB1ΔC and 77° for boxes A or B.

The acidic tail of HMGB1 is an important modulator of its
DNA-binding properties [19,20]. Several reports showed that
the this tail lowers the DNA affinity and supercoiling activity
[21,22]. The short tail (12 residues) from HMG-D of Drosophila
appears to have an affinity for certain structures because it
binds to 4-way junction DNA and cisplatin-modified DNA but
not to DNA minicircles [23]. The acidic tail may interact with
other proteins, such as histones H1 and H3 [24,25].

Although HMGB1 proteins have been the focus of intensive
structural and functional studies, an investigation of the role of
the acidic tail of human HMGB1 in protein stability and DNA
bending is still lacking. In this work, we aim at evaluating the
thermodynamic stability promoted by the interaction between
the boxes and the acidic tail of HMGB1. In addition, we
describe an investigation of the relationship between the
structure of the acidic tail and the DNA bending activity of
HMGB1 in solution.

Results

The acidic tail and protein stability of the human
HMGB1

To investigate the role of the human HMGB1 acidic tail in
protein stability and DNA bending, the full-length protein and its
tailless form (HMGB1ΔC) were expressed and purified. A
schematic representation of boxes A and B and the acidic tail is
shown Figure 1A. The purity and identity of HMGB1 and
HMGB1ΔC were confirmed by 15% SDS-PAGE (Figure 1B)
and by western blotting using monoclonal antibody anti-human
HMGB1 (Figure 1C), respectively.

The secondary and tertiary structures of HMGB1 and
HMGB1ΔC were monitored by circular dichroism (CD) and Trp
fluorescence spectroscopy, respectively, to assess whether the
proteins were properly folded during the purification steps and
to determine the effect of the acidic tail on HMGB1-folding. As
expected, both the HMGB1 and HMGB1ΔC proteins revealed
basically α-helical structures, with negative peaks at 208 and
222 nm (Figure 2A). However, the molar ellipticity signal for

Figure 1.  Structural organization of the human HMB1 protein.  A) Schematic representation of the human HMGB1 structure
showing Box A, Box B and the acidic tail motifs. Both boxes are rich in positive amino acid residues (+), whereas the acidic tail is
exclusively composed of acidic amino acid residues (-) (residues 186-215). The removal of the acidic tail generated a truncated
construct (HMGB1ΔC). B) Two micrograms of HMGB1 and HMGB1ΔC were separately applied onto a 15% SDS-PAGE. In a third
lane, 5 μL the pre-stained molecular weight standards (Bio-Rad) were applied. The gel was stained by Coomassie Blue G-250 dye
and. C) Western blotting with anti-human HMGB1 to confirm the recombinant protein identity. The 6His-Tag was not removed.
doi: 10.1371/journal.pone.0079572.g001

Effect of the Acidic Tail of HMGB1 on DNA Bending

PLOS ONE | www.plosone.org 2 November 2013 | Volume 8 | Issue 11 | e79572



HMGB1 was less negative, suggesting a slightly higher content
of random coil conformation because of the acidic tail, which is
known to be highly disordered [26,27]. In addition, the
fluorescence spectroscopy analysis of the Trp residues 49 and
133 (located in Boxes A and B, respectively) showed that the
maximum fluorescence intensity of approximately 325 nm was
observed in both the HMGB1 and HMGB1ΔC spectra (Figure
2B, solid lines). When both proteins were incubated in 5.5 M
guanidine hydrochloride (Gdn.HCl), a significant red shift of
their spectra to higher wavelengths (peaks at approximately
360 nm) was observed, which is characteristic of a complete
exposure of the Trp residues to the milieu (Figure 2B, medium
dashed lines). Altogether, these results confirm that both
HMGB1 and its tailless construct were obtained in folded
conformation after the purification processes and suggest that
the acidic tail does not apparently affect the final folded
conformational state of boxes A and B.

To evaluate the effect of the acidic tail on HMGB1 stability,
both the full-length and the tailless proteins were subjected to
increasing concentration of Gdn.HCl from 0 to 5.5 M, and
protein denaturation was monitored by a red shift in their Trp
fluorescence spectra. A decrease of the center of spectral
mass (CM) (calculated from Equation 1) from approximately
29,600 to 28,500 cm-1 was obtained from the denaturation
curves for both proteins (Figure 3A). The CM values were then
converted into degree of denaturation (α) according to Equation
2, and the curves were fitted as previously described (Figure
3B) [28,29]. The Gdn.HCl concentration required to obtain 50%
protein denaturation (G1/2) of HMGB1 and HMGB1ΔC was 1.6
and 1.3 M, respectively (Figure 3B), whereas the calculated
free Gibbs energy (ΔGH2O) was 2.4 and 1.7 kcal/mol,
respectively (Table 1). These results indicate that HMGB1ΔC is
less stable against Gdn.HCl denaturation than HMGB1. Similar
results were obtained for urea denaturation (data not shown),
implying an important role of the acidic tail for the increased
thermodynamic stability of the HMGB1 structure, most likely as
a consequence of the interactions between the boxes and the
acidic tail [30].

The role of electrostatic interactions between the acidic tail
and the HMG box domains and the effect of these interactions
on the thermodynamic stability of HMGB1 were further
evaluated at low pH (from 7.5 to 2.3) by the CD and Trp
fluorescence spectra of HMGB1 and HMGB1ΔC. Both proteins
were partially denatured as the pH decreased, but significant
tertiary and secondary structure was still detected (Figures 4A
and 4B). The decrease in the CM between pH 7.5 and 2.3 for
HMGB1 and HMGB1∆C was 200 and 600 cm-1, respectively
(Figure 4A), and this decrease was observed only at pH values
lower than 4.5, suggesting that both proteins were stable at
mildly acidic conditions (pH above 4.5). This CM variation was
considerably smaller than that obtained in the Gdn.HCl
denaturation curves (~ 1100 cm-1) (Figure 3A), mainly for
HMGB1, whose tertiary structure was shown to be very
resistant to denaturation at low pH. In addition, significant
residual α-helix content was observed for both proteins when
their secondary structure was monitored by CD under very
acidic conditions (pH 2.3) (Figure 4B). These results
demonstrated again that the acidic tail plays an important role

in the structural stability of the HMGB1 protein. The
stabilization promoted by the Asp and Glu residues in the
acidic tail was also evident when the fluorescent probe bis-ANS
was used to monitor the denaturation of HMGB1 at low pH
(Figure 4C). The fluorescence emission of bis-ANS that was
free in solution was almost undetectable, but it increased
significantly as bis-ANS bound non-covalently to the
hydrophobic core/clusters usually present in partly folded
proteins; therefore, this probe is often used to monitor protein
denaturation [31]. A significant 14-fold increase in the area ratio
of the bis-ANS spectra (A/A0) upon interaction with HMGB1
was observed at pH 3.5 relative to the spectral area obtained at
pH 7.5 (A0); this change decreased to 8-fold as the pH was
further lowered to 2.3, clearly indicating the formation of the

Figure 2.  Analysis of the secondary and tertiary contents
of HMGB1 and HMGB1ΔC by CD and Trp fluorescence
spectroscopies.  A) CD spectra of 5 μM HMGB1 (black lines)
and HMGB1ΔC (red lines) at 25 °C and neutral pH. Each
spectrum was converted to molar ellipticity for proper
comparison. B) Normalized Trp fluorescence spectra of 5 μM
HMGB1 and HMGB1ΔC in the native state (straight lines) and
denatured state with 5.5 M Gdn.HCl (medium-dashed lines). All
experiments were performed at 25 °C, and the buffer
composition was 10 mM Tris.HCl at pH 7.2, 50 mM NaCl, 0.5
mM DTT, 0.1 mM EDTA and 5% glycerol.
doi: 10.1371/journal.pone.0079572.g002
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Figure 3.  Denaturation of HMGB1 and HMGB1ΔC as a
function of increasing Gdn.HCl concentration.  A) The CM
of HMGB1 (black circles) and HMGB1ΔC (red circles) at 5 μM
was obtained for each [Gdn.HCl] using Equation 1, as
described in the Material and Methods Section. B) Trp
fluorescence spectra were obtained and converted to degree of
denaturation (α) according to Equation 2. The resistance to
unfolding can be analyzed by G1/2, which reflects the
concentration necessary to unfold 50% of the protein
population and is detailed in Table 1.
doi: 10.1371/journal.pone.0079572.g003

Table 1. Thermodynamic parameters for HMGB1 and
HMGB1ΔC proteins.

Protein Tm (°C)* G1/2 (M) m Gdn.HCl (kcal/mol.M)ΔGH2O (kcal/mol)
HMGB1 48.6 ± 0.2 1.62 ± 0.02 1.9 ± 0.2 2.4 ± 0.2
HMGB1ΔC 43.2 ± 0.2 1.34 ± 0.02 1.3 ± 0.1 1.7 ± 0.2

*. These values were obtained from the thermal denaturation monitored by Trp
fluorescence spectra. The values obtained from the CD curves are the same and
thus were not included in the table.
doi: 10.1371/journal.pone.0079572.t001

hydrophobic clusters typically found in partly folded proteins.
Conversely, the increased A/A0 observed for HMGB1ΔC at this
same pH range was much less pronounced (6-fold increase),
also indicating the formation of such clusters; however, the
HMGB1ΔC structure appears to be more unfolded than the full-
length protein. The bis-ANS fluorescence was only abolished
when both proteins were incubated at pH 2.3 in the presence of
5.5 M Gdn.HCl (Figure 4C, closed triangles). Therefore, while
the secondary structure content of both proteins was slightly
disturbed when subjected to low pH, their tertiary structure was
significantly affected, generating hydrophobic cavities detected
by bis-ANS probe, especially for HMGB1 (Figure 4C). These
results also confirmed that the presence of the acidic tail
increased the structural stability of the HMGB1 protein, most
likely due to its interactions with the HMG boxes, as shown
previously [27].

The thermal stability of HMGB1 and HMGB1ΔC was also
monitored using Trp fluorescence and CD spectroscopies.
When the two proteins were subjected to a temperature
change between 5 and 75 °C (in the fluorescence experiment)
and between 10 and 80 °C (in the CD experiment), HMGB1
clearly demonstrated higher thermostability than the tailless
construct, as reflected by their melting temperature in both Trp
fluorescence (48.6 °C for HMGB1 and 43.2 °C for HMGB1∆C)
and CD (48.0 °C for HMGB1 and 43.4 °C for HMGB1∆C)
experiments (Figure 5 and Table 1). The thermal denaturation
process of both proteins was fully reversible (data not shown).
Once again, the presence of the acidic tail increased the
thermal stability of the HMGB1 protein, as previously observed
in other studies [26,27,32]. Moreover, the thermal denaturation
curves strongly suggested that both the full-length and acidic
tailless proteins lost both secondary and tertiary structures in a
concerted manner, as observed from the superposition of their
respective Trp fluorescence and CD curves.

Protein-DNA interactions
The interactions between DNA and HMGB1 of several

different species have previously been studied using non-
equilibrium methods, such as gel-shift retardation assays
[33,34], which are not accurate techniques for measuring
binding constants [35]. To measure accurately the binding
constants between HMGB1 and DNA molecules at equilibrium,
different spectroscopic techniques have been employed.
Interestingly, DNA molecules can quench the fluorescence of
the Trp residues present in the HMGB1 sequence, indicating
that protein-DNA interaction could be monitored by Trp
quenching experiments; thus, the effect of the acidic tail on this
interaction could be studied (Figure 6A). As the DNA
concentration increased, the fluorescence quenching became
slightly higher for HMGB1∆C than for HMGB1 but significantly
higher than for the control curve (open triangle). This result
indicated a stronger binding of the tailless construct to DNA. To
confirm these results, the bis-ANS probe was also used to
monitor protein-DNA binding. The increase in DNA
concentration promptly displaced bis-ANS that was bound to
the hydrophobic core of HMGB1 and HMGB1ΔC proteins
(Figure 6B). Both the Trp and bis-ANS quenching approaches

Effect of the Acidic Tail of HMGB1 on DNA Bending
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Figure 4.  Influence of low pH on the HMGB1 structure.  A)
HMGB1 (black circles) and HMGB1ΔC (red circles) at 5 μM
concentration were incubated at different pH values (in citrate/
citric acid buffer), and the CM variation (ΔCM) was calculated.
Because of the small change in ΔCM, even in a very acidic pH,
both proteins were also incubated with Gdn.HCl at pH 2.3 and
5.5 M (black triangle for HMGB1 and red triangle for
HMGB1ΔC). B) The secondary structure content of 5 μM
HMGB1 at neutral pH (black straight lines) and pH 2.3 (black
medium-dashed lines) and of HMGB1ΔC at neutral pH (red
straight lines) and pH 2.3 (red medium-dashed lines) was
monitored by CD at 20 °C. Spectra were converted to molar
ellipticity, as described in the Material & Methods section. C)
The interaction of bis-ANS and the proteins was assessed by
exciting 10 μM probe in a solution containing 5 μM HMGB1
(black circles) or HMGB1ΔC (red circles) at different pH values
after a 1-h incubation at 25 °C. For comparison, HMGB1 and
HMGB1ΔC were incubated at pH 2.3 in the presence of 5.5 M
Gdn.HCl (closed triangles). Normalized spectrum areas were
obtained by dividing the spectrum area value of each pH point
by the area value at neutral pH.
doi: 10.1371/journal.pone.0079572.g004

demonstrated that the acidic tail did not interfere with binding of
the HMG boxes to linear DNA.

To measure the binding constants for both proteins,
fluorescence anisotropy studies using 20-bp DNA were also
performed; the DNA was labeled with carboxyfluorescein (6-
FAM) at the 5'-end of one of the DNA strands. DNA binding
isotherms for HMGB1 and HMGB1∆C were generated by
monitoring the increase in the fluorescence anisotropy of the
labeled DNA molecules; the fluorescence anisotropy increased
because of the formation of the protein-DNA complex upon the
addition of increasing protein concentrations [36]. The DNA
binding constants for HMGB1 and HMGB1∆C were very similar

Figure 5.  Thermal denaturation of the HMGB1 protein.  A)
The Trp fluorescence emission spectra of HMGB1 (black
circles) and HMGB1ΔC (red circles) at each temperature were
acquired and converted into CM and α according to Equations
1 and 2, respectively. The curves were adjusted by sigmoidal
fitting, and the Tm was obtained directly from the fitting. B) The
CD signal at 222 nm for the HMGB1 and HMGB1ΔC spectra at
each temperature was converted into the loss of secondary
structure content. The buffer contained 10 mM Tris.HCl at pH
7.2, 50 mM NaCl, 0.5 mM DTT, 0.1 mM EDTA and 5% of
glycerol.
doi: 10.1371/journal.pone.0079572.g005
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(Kd = 88 ± 5 and 72 ± 4 nM, respectively), indicating that the
HMG boxes are the domains responsible for DNA-binding
affinity, i.e., the acidic tail does not significantly influence the
HMGB1 interaction with short, linear DNAs (Figure 7A). The
stoichiometry ratio of the interaction was assessed using
anisotropy studies with different protein-DNA ratios. The
strategy of this experiment was based on the continuous
binding of protein molecules to the DNA template up to the
point in which all available binding sites were saturated and the
anisotropy signal reached a plateau. The fluorescence
anisotropy increased linearly until a 1:1 [protein]/[DNA] ratio
was achieved, indicating that all available DNA-probes were

Figure 6.  Binding of HMGB1 protein to linear dsDNA
monitored by fluorescence spectroscopy.  A) Interaction
between HMGB1 (black circles) or HMGB1ΔC (red circles) with
20-bp DNA was analyzed by the quenching of the Trp emission
fluorescence. Both proteins were kept at 2 μM, and the DNA
concentration was varied from 0 to 2 μM. Trp emission spectra
were collected after a 15-min incubation at 25 °C. B) Interaction
between HMGB1 or HMGB1ΔC with 20-bp DNA, as analyzed
by bis-ANS displacement. The protein and bis-ANS
concentrations were 0.5 μM and 10 μM, respectively, whereas
the DNA concentration varied from 0 to 1.2 μM. The emission
spectra of bis-ANS were acquired after a 15-min incubation
time at 25 °C. Normalized spectrum areas were calculated as
described in Figure 4. Control experiments were performed
similarly but in the absence of protein.
doi: 10.1371/journal.pone.0079572.g006

bound (Figure 7B). Curiously, as the protein concentration was
further increased above a [protein]/[DNA] ratio of 5:1, another
plateau was reached, suggesting that additional HMGB1
molecules interacted with each other to form a larger
aggregated complex. This finding could be explained by the
fact that the acidic tail of a molecule could form inter-molecular
interactions with the HMG boxes of another molecule.
Altogether, our data confirmed previous results obtained with
calf HMGB1, in which both proteins presented the same
HMGB1-DNA ratio of 1:1 and that the presence of the acidic
tail had no effect on the protein-DNA interaction [37].

Although there are some studies measuring DNA bending by
HMGB1, none of them compared the full-length and truncated
proteins [16,17,38]. In this work, 20-bp DNA molecules labeled
with FAM, TAMRA, or FAM and TAMRA were used to calculate
the bending angle promoted by both proteins using the
fluorescence resonance energy transfer (FRET) technique.
FRET is the radiationless transfer of energy from an excited
donor fluorophore (FAM) to a suitable acceptor fluorophore
(TAMRA) [39]. The excitation spectrum of the acceptor must
partially overlap with the fluorescence emission spectrum of the
donor for FRET to occur. The FRET efficiency depends on the
distance between the two fluorophores. Therefore, the greater
the nucleic acid bending angle is, the closer is the distance
between the two fluorophores and thus, higher is the FRET
efficiency (see Material & Methods). The FRET efficiency (FE)
was obtained after making all adjustments and corrections for
possible probes or protein interference in the fluorescence
data. An FE value of 0.33 was obtained for HMGB1, while a
smaller value of 0.23 was calculated for HMGB1ΔC.
Comparing these to the value of 0.10 obtained for free DNA
provides the first indication that the DNA bending occurred.
The higher value for full-length protein indicated the closer
proximity of the probes. HMGB1 was able to increase the
proximity of the two probes by bending the DNA to a distance
of 56 Å. This distance is considerably less than the distance of
61 Å obtained for HMGB1ΔC; consequently, the FRET
efficiency for HMGB1 was considerably higher than that for
HMGB1ΔC. A model of DNA bending is necessary to estimate
the bending angle from the distance between the probes [38].
The two-kinked model is typically used to study human proteins
with HMG-box motifs and was, therefore, used in this study
[40,41]. Table 2 summarizes these parameters and clearly
shows the greater bending capacity of HMGB1 when compared
with that of HMGB1ΔC. The bending angle for HMGB1 was
91°, in contrast to 76°, which was obtained for the tailless
construct.

Discussion

The recent increase in HMGB1 studies may be attributed to
its role in many diseases, ranging from viral infections to
autoimmune disorders and cancer [42–44]. The C-terminal
acidic tail of HMGB1 appears to play a crucial role in the
maintenance of protein stability and, consequently, its proper
function. In the present study, we aimed at understanding the
structural and functional relationship between the acidic tail and
the HMG boxes of the full-length HMGB1 and the effect of this
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Figure 7.  Binding isotherm of HMGB1 to fluorescently
labeled linear DNA.  A) FAM-labeled 20-bp dsDNA at a 50 nM
concentration was titrated with increasing HMGB1 (black
circles) or HMGB1ΔC (red circles) concentrations, and the
fluorescence polarization (P) of the fluorescent probe was
measured after a 15-min incubation at 25 °C. (a) The binding
stoichiometry of HMGB1 or HMGB1ΔC to FAM-labeled dsDNA
was calculated. Increasing protein concentrations were added
to a solution containing a mixture of 2 μM unlabeled dsDNA
and 50 nM FAM-labeled dsDNA; thus, the [Protein]/[DNA] ratio
varied from 0 to 15. The polarization values were measured by
exciting the probe at 490 nm and reading the FAM-emission
fluorescence at 520 nm after a 15-min incubation at 25 °C.
doi: 10.1371/journal.pone.0079572.g007

Table 2. Parameters of DNA bending promoted by HMGB1
protein obtained by FRET.

 DNA DNA+HMGB1 DNA+HMGB1ΔC
FRET efficiency (FE) 0.10 ± 0.04 0.33 ± 0.05 0.23 ± 0.03
Distance between probes (Å) 73 ± 6 56 ± 2 61 ± 2
Bending angle (°) n.a 91 ± 7 76 ± 7

doi: 10.1371/journal.pone.0079572.t002

tail on DNA binding and bending. Furthermore, as far as we
know, this report is the first that analyzes the differences in
protein stability and DNA bending between the human HMGB1
and its tail-less construct. We showed that the acidic tail does
not significantly affect the secondary structure of HMGB1,
corroborating previous reports [26]. Nonetheless, the absence
of the acidic tail destabilizes the tertiary structure of HMGB1,
favoring its denaturation (this work and Elenkov et al. 2011)
[26].

The denaturation curves clearly showed the role of the acidic
tail in the thermodynamic stability increase of the HMGB1
protein, which was reflected in a higher ΔGH2O [29]. The m is
directly proportional to the solvent-accessible surface area
(ΔASA), and the higher value for the full-length protein was
expected because it has more amino acid residues [45]. The m
values obtained with urea were approximately half those of
Gdn.HCl (data not shown), which is typically found in many
proteins and reflects the greater denaturant strength of
Gdn.HCl [45].

Thermal unfolding strengthens the importance of the acidic
tail in protein integrity. This work clearly demonstrates a steep
shift from the folded to the unfolded state for HMGB1∆C
between 40 and 50 °C, in agreement with previous reports [27].
Thomas and colleagues obtained comparable Tm results for
HMGB1 and HMGB1∆C (50 °C and 44 °C, respectively).
Interestingly, high hydrostatic pressure experiments have
shown that both proteins are in a monomeric state and that
thermal unfolding occurs in a very similar manner (data not
shown). These results suggest that intra-molecular interactions
between the boxes and the acidic tail, rather than
intermolecular interactions, are responsible for the protein
stabilization. NMR analyses have shown specific interactions of
the acidic tail with both boxes, regardless of the acidic nature of
the tail and the basic nature of the boxes [27].

Because the interaction between HMG boxes and the acidic
tail is mainly electrostatic, it would be affected by solution pH.
An acidic environment promotes changes in the charges of
amino acid residues, generating electrostatic repulsions that
lead to protein denaturation [46]. Low pH partially disturbed the
secondary structure of the full-length HMGB1 and HMGB1ΔC.
In contrast, the tertiary structure of the truncated version was
more affected by the low pH, most likely because the acidic
(negative) tail in the full-length protein compensates the high
density of positive charges in the HMG boxes. This finding was
also reflected in the presence of a more prominent folding
intermediate state at low pH for HMGB1, revealed by bis-ANS
fluorescence.

We have also characterized the binding of HMGB1 to short
DNA stretches in solution using fluorescence techniques, such
as fluorescence anisotropy and FRET. We chose a 20-bp B-
DNA substrate to promote protein-DNA binding in a 1:1 ratio,
as previously reported [16,47]. Protein-DNA interaction induces
Trp quenching, which makes this amino acid residue a good
probe for binding monitoring [35], especially for HMGB1
because both Trp residues are very close to the intercalating
residues Phe 37 and Ile 121 [48]. Both Trp quenching and bis-
ANS displacement demonstrated a similar binding affinity for
the linear DNA sequence, further indicating that the acidic tail

Effect of the Acidic Tail of HMGB1 on DNA Bending
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does not significantly affect the binding affinity of HMGB1 for
DNA but acts as a regulator of the protein-DNA interaction
[23,49].

To evaluate the binding affinity of HMGB1 and HMGB1∆C,
fluorescence anisotropy was measured using a fluorescent-
labeled DNA sequence. The binding isotherms clearly
demonstrated a similar binding affinity of approximately 80 nM,
corroborating the large binding affinity for modified DNA, such
as hemicatenated DNA loops (Kd < 0.2 x 10-12 M), minicircles (1
x 10-10 M) and 4-way junctions (1 x 10-9 M) [8–10,19]. The
binding stoichiometry for the 20-bp linear DNA suggested a 1:1
ratio, and the acidic tail appears to have no influence on this
parameter, as previously shown for HMGB1 and HMGB1∆C
from calf thymus [37].

Although there are many reports in the literature
characterizing the binding or bending of HMGB1 to discrete
structured DNA motifs [7–10], the binding features of human
HMGB1 to linear duplex DNA in solution have been poorly
characterized [33,34]. Using the energy transfer between
donor-acceptor probes attached to the two 5' ends of linear
DNA, the bending angle of the nucleic acid could be measured.
The FRET efficiency promoted by the full-length HMGB1 was
considerably higher than for HMGB1∆C, corresponding to a
distance between the probes of 56.4 and 60.9 Å, respectively.
The two-kinked model of bending, which is typically used for
HMG-box proteins [40,41,50], was used to estimate the
bending angle from the FE values. This model is based on a
crystal structure of TBP binding to TATA box DNA [51], which
represents the DNA molecule as a rod with three sections with
lengths R1, R2 and R3. DNA bending generates two "hinges"
between R1-R2 and R2-R3. Other groups have successfully
used the two-kinked model even though it does not account for
unwinding/twisting of DNA molecule upon bending [40,41]. The
two-kinked model generates intermediate bending angles when
compared to single central (higher bending angle) and
continuous smooth bending models (lower bending angle) [50].
In principle, the possibility of DNA twisting during TBP-induced
DNA bending was then proposed to improve the two-kinked
model [41], contributing to the end-to-end distance between the
FRET probes. However, the twisting may cause a tension
increase within the DNA strands, making this model
energetically less favorable than simple bending. Moreover,
different combinations of twisting can achieve the same
bending angle. Therefore, the induction of DNA twisting upon
the HMGB1 protein binding might only be confirmed
experimentally from the structure determination of the protein-
DNA complex using high-resolution techniques (i.e. X-ray
crystallography and NMR).

The first bending angle calculated from non-specific linear
DNA in solution was for Chironomus HMGB1 [15]. A bending
angle of 150° was initially obtained, but soon after, Lorenz and
colleagues obtained a smaller value of 95° for this same
protein [16]. This work also evaluated the bending angle of
ortholog HMGB proteins from Drosophila and Saccharomyces
cerevisiae and their tailless constructs. In these cases, there
was no difference in the DNA bending among these different
proteins, which could be explained by their short acidic tail
(approximately 12 amino acid vs 30 for human HMGB1).

Curiously, the application of two-kinked model showed that
the presence of the acidic tail led to a 20% increase in the DNA
bending angle; we calculated bending angle values of 91° for
HMGB1 and 76° for HMGB1∆C, which are in agreement with
the value obtained for many other HMG box-containing
proteins, such as TBP (80°), SRY (83°), IHF (80° per
monomer), NHP6A (70°) and HMGB2 Box A (87°) [38,52–55].
These similar values might indicate a steric hindrance for DNA
bending by this protein motif. While no bending angle
calculated for human full-length HMGB1 has been published,
the HMGB1∆C bending angle has been calculated using
several techniques. Measurements using the atomic force
microscopy (AFM) and dual-laser beam optical tweezers
techniques revealed bending angles of 67° and 77°,
respectively [17,18], which are in excellent agreement with the
value calculated for HMGB1∆C protein in our study.

This work was the first to demonstrate a 15° (or 20%)
increase in DNA bending promoted by the acidic tail in human
HMGB1, and this augment might have important biological
functions. It was previously demonstrated that HMGB1∆C is
not capable of inducing transcript stimulation nor can it
participate in chromatin remodeling [24,56,57]. Our work might
shed light on those experiments, suggesting that an increase in
bending capacity (but not binding affinity) promoted by the
acidic tail may be an important factor responsible for this
phenomenon.

We have proposed a model of the HMGB1-DNA bending
interaction to try to explain the role of the acidic tail in
“boosting” DNA bending (Figure 8). NMR studies previously
demonstrated that this tail has extensive contacts with HMG
boxes, restricting the tail conformation in solution [27,30].
When HMG boxes interact with DNA, the tail is displaced into
solution, resulting in a complete random coil conformation. The
resultant increase in the system entropy might be responsible
for the enhancement in DNA bending relative to that of the
tailless version. The free acidic tail could then readily bind to
other structures, such as transcription factors or other proteins.
In fact, interaction between the acidic tail and histones H1 and
H3 was previously observed [24,25]. The sequence of events
would be as follows: 1) HMGB1 interacts with the target-DNA;
2) the DNA bending favored by the acidic tail recruits other
regulator/transcription factors to bind DNA; and 3) the acidic tail
may interact with histones, displacing them from DNA and
inducing chromatin loosening. These events might explain the
role of HMGB1 in chromatin remodeling as well as its function
as an architectural factor [58,59].

In summary, our studies were the first to demonstrate the
role of the acidic tail of HMGB1 in protein stability and DNA
bending in vitro. All chemical and physical denaturing agents
tested were clearly shown to have a higher significant impact
on the protein stability when the acidic tail was removed. Both
HMGB1 and HMGB1∆C appear to have folding intermediates
in acidic media, and these intermediates require further
studies. The presence of the acidic tail does not contribute to
the DNA-binding affinity but does significantly increase the
bending angle of linear DNA upon HMGB1 binding in solution.
A binding/bending model was proposed, in which the role of the
acidic tail was explained in detail.
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Materials and Methods

Reagents
All reagents were of analytical grade. Anti-HMGB1

monoclonal antibody, ultra-pure urea, Gdn.HCl and bis-ANS
were purchased from Sigma (MO, USA). SDS-PAGE standards
were obtained from Bio-Rad (CA, USA). The unlabeled- and
5’-6-carboxy tetramethyl rhodamine (TAMRA)-labeled DNA
sequence 5’-TACTGTATGAGCATACAGTA-3’ and its
unlabeled- and carboxyfluorescein (6-FAM)-labeled
complementary sequences were purchased from IDT (Iowa,
USA). Unless otherwise noted, all experiments were performed
in buffer containing 10 mM Tris.HCl at pH 7.5, 50 mM NaCl, 0.5
mM DTT, 0.1 mM EDTA and 5% glycerol.

Protein expression and purification
The genes of human HMGB1 (full-length and lacking the

acidic tail (ΔC)) were cloned in-frame into a pET21d-modified
plasmid (Novagen, USA), which carried a 6×Histag sequence
and nTev protease cleavage site in its 5’ end and was named
pET21dHistev. For protein expression, the bacterial strain
BL21(λDE3) + pLysS transformed with hgmb1 gene-carrying
plasmids was grown in 2 L of Luria-Bertani (LB) culture
medium containing 100 μg/mL ampicillin and 34 μg/mL
chloramphenicol, and gene expression was induced by the
addition of 0.5 mM IPTG when the O.D.600nm reached 0.6-0.8.
After 4 h at 37 °C and 200 rpm, cells were collected by
centrifugation at 3000 g for 20 min at 4 °C. Cell pellets were
resuspended in 50 mL of Buffer A (50 mM Tris.HCl at pH 8,

Figure 8.  Schematic representation of HMGB1-mediated
DNA bending.  A 20-bp oligonucleotide labeled with FAM
(green star, F) and TAMRA (orange star, T) fluorophores in the
presence of HMGB1 or HMGB1∆C undergoes bending at
different angles, measured by the distance between these two
fluorophores. Bending angle values were obtained using the
two-kinked model. The difference observed in size and color
intensity of the fluorophores molecules is proportional to their
emission quenching. The acidic tail of HMGB1 and its
interaction with other part of the molecule are represented by
green and dashed lines, respectively.
doi: 10.1371/journal.pone.0079572.g008

100 mM NaCl, 5% glycerol and 1 mM β-mercaptoethanol)
containing a protease inhibitor cocktail (Sigma, MO, USA) and
1 mM PMSF. After cell lysis with 5 mg/mL lysozyme for 30 min
at 4 °C, the suspension was subjected to 12 cycles of 30 s of
sonication and 30 s of resting. After 30 min of centrifugation at
30,000 g and 4 °C, the pellet was discarded and the
supernatant was incubated with 0.5% sodium deoxycholate for
20 min under stirring at the cold room. After 1-h centrifugation
at 60,000 g at 4 °C, the pellet was discarded and the
supernatant was incubated with polymin P (a 10% stock
solution was previously prepared with the pH adjusted to 7.6),
whose final concentration was adjusted to 0.35% (v/v), under
fast stirring for 30 min. The sample was again centrifuged for 1
h at 60,000 g and 4 °C. The supernatant was then dialyzed
overnight in a 3,500-MWCO dialysis bag against 4 L of buffer
A. The full-length HMGB1 and HMGB1ΔC proteins were
precipitated using 50, 75 and 100% (w/v) ammonium sulfate
(Merck, USA). The 75 and 100% pellets were resuspended in
10 mL of Buffer A containing 500 mM NaCl and dialyzed
overnight in a 3,500-MWCO dialysis bag (Spectrum Labs,
USA) against 2 L of same buffer. Both proteins were purified by
affinity chromatography using a 5-mL HisTrap (GE-Healthcare,
USA) column and ÄKTA Purifier HPLC (GE-Healthcare, USA),
according to the manufacturer’s instructions. Protein
immobilization was achieved with a flow rate of 2 mL/min, and
the weakly bound proteins were washed out with 10 column
volumes of buffer containing 50 mM Tris.HCl at pH 8, 500 mM
NaCl, 5% glycerol, 1 mM β-mercaptoethanol and 20 mM
imidazole. His-tagged proteins were eluted in the same buffer
but with 500 mM imidazole. For HMGB1ΔC, a further
purification by ion chromatography MonoS GL 10/100 column
(GE-Healthcare, USA) was necessary. The sample was diluted
5 fold and then injected onto the column using 1 mL/min flow. A
continuous sodium chloride gradient from 0.1 to 1 M was used
for protein elution in 4-mL aliquots. The pure proteins were
visualized using 15% SDS-PAGE, followed by Coomassie blue
G-250 staining (Merck, USA). HMGB1 and HMGB1ΔC were
dialyzed overnight at 4 °C against 2 L of final buffer containing
10 mM Tris.HCl at pH 7.5, 50 mM NaCl, 0.5 mM DTT, 0.1 mM
EDTA and 5% glycerol with a 35000 kDa membrane. The
protein concentration was calculated using Bradford’s method
[60].

Western blotting
After separation in 15% SDS-PAGE, the recombinant

proteins were transferred onto a PVDF membrane using 10
mM CAPS buffer (pH 11) in a Trans-blot Semi-Dry system from
Bio-Rad (CA, USA), according to the manufacturer’s
instructions. The membrane was blocked with 1X TBST + 5%
dry milk for 2 h at 4 °C with constant stirring. Primary rabbit
monoclonal anti-HMGB1 antibody (AbCam, USA) was diluted
1:1,000 and incubated overnight in the same conditions
mentioned above. After 3 washes, the membrane was
incubated with goat anti-rabbit secondary antibody coupled to
horseradish-peroxidase (KPL) (diluted 1:4,000) for 1 h at 4 °C
under constant stirring. The proteins were detected with
SuperSignal West Pico Chemiluminescent Substrate (Pierce,
Illinois, USA), according to the manufacturer’s instructions.
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Spectroscopic analyses
Fluorescence spectroscopy measurements were performed

in a Varian Cary Eclipse spectrofluorometer (Sydney,
Australia). For the Trp fluorescence, the excitation wavelength
was fixed at 280 nm, and the emission spectrum was recorded
from 300 to 420 nm, using slits of 5 and 10 nm in the excitation
and emission paths, respectively. A 1-cm path length quartz
cuvette was used. All the experiments were performed at 25 °C
in the absence or presence of denaturing agents after 1-h
incubation. The final protein concentration of each sample used
in the measurements was quantitated by a Bradford Assay kit
(Sigma, MO, USA) and adjusted to be 5 μM. Fluorescence
spectra were transformed into the center of spectral mass
(CM):

CM=∑υi ⋅Fi /∑Fi (1)

where Fi is the fluorescence emitted at wave number υi.
The urea- or Gdn.HCl-generated protein denaturation was

converted from the CM to the fraction of denatured protein (α)
by the following equation:

α= 1+Q ⋅ CM−CMD / CMN−CM −1 (2)

where Q is the ratio between the quantum yields of the
denatured and native forms, and CMD and CMN are the CM
corresponding to the denatured and native species,
respectively. The curves were fitted according to the linear
extrapolation method proposed by Pace and Shaw [29]. The
bis-ANS fluorescence was measured with an excitation
wavelength of 360 nm, and the emission spectrum was
recorded from 400 to 600 nm, using slits of 5 and 10 nm in the
excitation and emission paths, respectively. The normalized
spectral area (A/A0) was obtained by dividing the area for each
bis-ANS concentration by the area value of the spectrum of this
probe in buffer. For thermal denaturation experiments, the CM
of the Trp emission spectra was measured over the
temperature range 5-75 °C with heating at a rate of 1 °C/min
and a 10-min equilibration interval between each
measurement. The temperature gradient was then reversed to
check whether the proteins refolded. Different pH values were
obtained using a mixture of 0.1 M sodium citrate/citric acid
solutions, and the spectra were acquired after a 1-h incubation
period. The pH of each sample was measured after the
experiments were performed to ensure their actual pH values.

DNA-protein binding was monitored by Trp quenching and
the bis-ANS probe. For the Trp quenching experiments, the
protein concentration was fixed at 2 μM, and 20-base pair (bp)
double-stranded (ds) DNA was added until a final concentration
of 2 μM was obtained. After 15 min, spectra were recorded as
described above. For the bis-ANS experiments, the probe and
protein concentrations were fixed at 10 and 0.5 μM,
respectively. The 20-bp dsDNA concentration ranged from
0-1.2 μM, and the spectra were recorded as previously
described.

Spectropolarimetry
CD experiments were conducted in a Chirascan Circular

Dichroism Spectropolarimeter (Applied Photophysics, UK) at

20 °C using a quartz cuvette with a 0.1-cm path length. Spectra
from three scans from 190 to 260 nm at 30 nm/min were
averaged, and the buffer baselines were subtracted from their
respective sample spectra. Measurements of the molar
ellipticity were calculated as follows:

θ MRW =100⋅θ ⋅10−3 /Cmr ⋅0.1 (3)

where [θ]MRW is the mean residue weight in degrees, Cmr

represents the molar concentration multiplied by the number of
amino acids, and 0.1 is the path length in cm. Low pH
experiments were performed in 0.1 M citric acid, as previously
described [61]. The final protein concentration of each sample
used in the measurements was quantitated using a Bradford
Assay kit and shown to be 5 μM. For thermal denaturation
experiments, the ellipticity at 222 nm was followed over the
temperature range of 10-80 °C with heating at a rate of 0.5 °C/
min. The temperature gradient was then reversed to check
whether the proteins refolded.

Fluorescence anisotropy
Single-stranded (ss) DNA and its corresponding

complementary strand at the same concentration were heated
at 100 °C for 20 min in 50 mM Tris.HCl and 200 mM NaCl, and
the solution was cooled down slowly to room temperature. The
ds-DNA annealing was confirmed by a native 18% PAGE gel
as described elsewhere [61]. For the fluorescence anisotropy,
the concentration of duplex 6-FAM-labeled DNA was 50 nM.
The protein concentration varied from 0 to 10 μM. The
excitation and emission wavelengths were 490 and 520 nm,
respectively, with a cut-off of 515 nm; 100 readings per well
were collected. Samples in opaque 96-well plates from Greiner
Bio-One (Kremsmünster, Austria) were read after a 10-min
incubation in the dark in a SpectraMax microplate reader (CA,
USA). The curves were fitted by a dose response sigmoidal
function available in the Sigma Plot software program v. 10.0.
The stoichiometry of binding was assessed by increasing the
protein concentration with a fixed concentration of 50 nM for
the fluorescent probe (FAM-DNA) and 2 μM for the non-
fluorescent probe. This strategy aimed at tracking the
saturation of the protein-DNA interactions. Binding was
monitored as described above.

DNA bending
For the fluorescence resonance energy transfer (FRET)

analysis, 20-bp dsDNA labeled with either FAM or TAMRA at
one of the 5’-end or with FAM and TAMRA at both 5’-ends was
used at 50 nM. HMGB1 and HMGB1ΔC were diluted to 5 μM in
a reaction volume of 100 μL. The reactions were read in a
SpectraMax M5 microplate reader with an excitation
wavelength of 490 nm for the FAM and FAM-TAMRA probes
and 540 nm for the FAM probe only. The emission spectra
were collected at 520 nm for the FAM probe and 580 nm for
the TAMRA and FAM-TAMRA probes. The efficiency of energy
transfer E of a donor-acceptor pair at distance R was
calculated as previously described [38]:

E=R0
6 / R0

6+R6 (4)
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where R0 for FAM-TAMRA probes, which represents the
distance for 50% energy transfer efficiency, is 50 Å [62]. The
calculations included corrections for possible effects of protein
binding on the probes and interference between FAM and
TAMRA. The DNA bending angle was correlated with the
probe’s distance by the two-kinked model of HMGB1 bending
[40,41,50].
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