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ABSTRACT: HMGB1 (high mobility group B1) is a conserved chromosomal protein composed of two
similar DNA binding domains (HMG box A and box B) linked by a short basic stretch to an acidic
C-terminal tail of 30 residues. The acidic tail modulates the DNA binding properties of HMGB1, and its
length differentiates the various HMGB family members. We synthesized a peptide that corresponds to
the acidic tail in HMGB1 (T-peptide) and studied its binding to the single boxes and to the fragment
corresponding to tailless HMGB1 (designated as ABbt fragment). CD spectroscopy showed that T-peptide
stabilizes significantly the ABbt fragment and that the complex has an identical thermal stability as full-
length HMGB1. Calorimetric and NMR data showed that T-peptide binds with a dissociation constant of
9 µM to box A and much more weakly to box B.1H-15N HSQC spectra of full-length HMGB1 and of
the ABbt fragment are very similar; the small chemical shift differences that exist correspond to those
residues of the ABbt fragment that were affected by the addition of the T-peptide. We conclude that the
T-peptide mimics closely the acidic tail and that the basic stretch and the acidic tail form an extended and
flexible segment. The tail interacts with specific residues in the boxes and shields them from other
interactions.

HMGB11 is an abundant and highly conserved non-histone
chromosomal protein, which binds without sequence speci-
ficity to the minor groove of DNA, causing local distortions
in the DNA structure (1). In addition, HMGB1 associates
with high affinity to DNA with highly bent structures, such
as four-way junctions and cisplatin-modified DNA (1).
HMGB1 plays a crucial role in the regulation of transcription
either by remodeling chromatin and nucleosome structure
or through direct interaction with transcription factors such
as Hox, steroid hormone receptors, p53, NF-κB, and TBP
(2). The functional importance of HMGB1 as a regulator of

transcription in vivo has been confirmed by the phenotype
of the HMGB1 knockout mouse, which dies shortly after
birth due to hypoglycemia and shows a defect in the
transcriptional function of the glucocorticoid receptor (3).
Recent studies have revealed that HMGB1 has also important
functions outside the cell, where it acts as a cytokine (4, 5)
and is a ligand for a membrane receptor, RAGE (6, 7).

HMGB1 has a tripartite domain organization: it contains
two similar DNA binding domains, the HMG boxes A and
B, each around 75 amino acids in length, connected by a
short linker region and followed by a short basic linker and
an acidic tail formed by 30 consecutive glutamate and
aspartate residues. The structure of the single boxes of
HMGB1 has been characterized in detail (8-11); their global
fold, despite the low sequence identity (29%), is rather
conserved and is composed of threeR-helices (I-III)
arranged in an L-like shape and stabilized by two hydro-
phobic cores. However, despite their similarity, several
important structural and functional differences between the
two HMG boxes have been observed. Box A differs
significantly from box B in the relative orientations of helices
I and II and in the trajectory of the helix I-II loop.
Furthermore, the two boxes have distinct electrostatic surface
potentials in their DNA binding regions, which might account
for differences observed in interaction with DNA, such as
the degree of bending introduced upon binding to DNA and
the affinity for four-way junctions.
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NMR (12) and calorimetric studies (13) have shown that
the two boxes A and B behave as rigid structures that do
not interact when connected by the linker region. However,
thermodynamic studies showed that in the full-length protein
stabilizing interactions occur between the acidic tail and at
least one of the boxes (13).

In full-length HMGB1, the acidic tail has important
functional roles. It modulates the interaction with DNA and
its helix-distorting ability (14-16), is required for preferential
binding to DNA minicircles relative to linear DNA (17), and
modulates the interaction with nucleosomes and chromatin
remodeling machines (18, 19). Finally, the tail modulates
the acetylation of HMGB1 by histone acetyltransferases (20);
in turn, HMGB1 acetylation is essential for its secretion by
activated myeloid cells (21).

Recently, cross-linking experiments have shown that the
acidic tail interacts with the boxes, in particular with box
B(22). At present there is no structural information available
on how the acidic tail interacts with the two boxes. In this
study we used a free 30-residue peptide (T-peptide, residues
185-214 of HMGB1) as a model of the acidic tail. Binding
of the T-peptide to tailless HMGB1 was characterized using
titration calorimetry (ITC) as well as CD spectroscopy, and
interacting residues were identified by two-dimensional
heteronuclear NMR spectroscopy. Our study reveals that the
T-peptide mimics very well the interaction pattern of the
acidic tail in the context of full-length HMGB1. This
interaction is very dynamic, but the acidic tail will be in
close proximity to the boxes most of the time, shielding them
from other interactions. Furthermore, our studies reveal that
all residues outside the two HMG boxes (including the ones
that interact with RAGE) are unstructured and flexible.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Proteins.Uni-
formly 15N-labeled and15N,13C-labeled proteins were pre-
pared by growing theEscherichia colistrain BL21(DE3)
overexpressing the HMGB1 constructs in minimal medium
containing 15NH4Cl, with or without [13C]glucose. The
recombinant proteins were purified as described (16). The
constructs used were box A (residues 1-89), box B (residues
90-175), fragment ABbt (residues 1-187), and full-length
HMGB1. T-peptide was synthesized by solid-phase synthesis
and subsequently purified by reverse-phase HPLC. The purity
and molecular weight of T-peptide were verified using
electrospray mass spectrometry.

CD Spectroscopy.CD spectra were recorded using an
AVIV 252 CD spectrophotometer and software provided by
the manufacturer. Cuvettes with a 0.1 cm path length were
used. Each spectrum was averaged using four accumulations
collected in 1 nm intervals with an averaging time of 10 s.
Temperature melting curves were recorded at 222 nm in
kinetic mode using a temperature ramp of 1°C/min. The
protein concentration was 2µM.

NMR Spectroscopy.NMR spectra were acquired at 293
K on a Bruker Avance 600 NMR spectrometer equipped with
inverse triple-resonance probes and pulsed-field gradients.
Spectra were processed with NMRpipe (23) and analyzed
using XEASY (24). The 1H, 13C, 15N assignment of the
backbone resonances of the different HMGB1 fragments was
obtained from constant time HNCA (25) and HNCACB (26)

with water-flip-back modifications (27) and CBCA(CO)NH
(28) with WATERGATE (29), using uniformly 15N,13C-
labeled samples.

For the titration of the different HMGB1 fragments with
T-peptide, typical protein concentrations were 0.3 mM in
10 mM phosphate buffer (pH 5), 150 mM NaCl, and 10 mM
DTT. To minimize dilution and NMR signal loss, titrations
were carried out by adding small quantities of a concentrated
(10 mM) T-peptide stock to the NMR samples. For each
titration point a two-dimensional water-flip-back15N-edited
HSQC spectrum was recorded at 293 K. The15N-edited
HSQC data were recorded as 512 (100) complex points, with
55 ms (60 ms) acquisition times, apodized by 60 shifted
squared (sine) window functions, and zero filled to 1024
(512) points for1H (15N), respectively. Assignments of the
corresponding amide groups in the complex ABbt-T-peptide
were made by following individual cross-peaks through a
titration series.

For each residue the composite chemical shift displacement
vector∆CS was calculated as [∆δ2HN + ∆δ2N/25]1/2.

Figure 6 was generated using ICM (30). The model of
boxes A and B (PDB entries 1aab and 1hme) connected by
their linker has been built and minimized with the BIOPOLY-
MER and DISCOVER_3 modules of INSIGHTII (Accelrys,
San Diego).

Isothermal Titration Calorimetry.Calorimetric measure-
ments were carried out using a VP-ITC titration calorimeter
from MicroCal Inc. Samples were extensively dialyzed
against 50 mM sodium phosphate, pH 7.5, 150 mM NaCl,
and 1 mM DTT. All solutions were carefully degassed before
the titrations using equipment provided with the calorimeter.
Each titration experiment consisted of a first (5µL) injection
of T-peptide (400µM) followed by 10µL injections into a
solution of HMGB1 fragments (25µM). Heats of dilution
were measured in blank titrations by injecting T-peptide into
the buffer and were subtracted from the binding heats. Data
were analyzed using a single binding site model implemented
in the Origin software package provided with the instrument.

RESULTS

The Acidic Tail Stabilizes the HMG Boxes both When It
Is Connected to Them and When It Is Disconnected.The
polypeptides used in this study are shown in Figure 1 and
were purified as described in Experimental Procedures. In
particular, ABbt represents HMGB1 minus the acidic tail.
To understand the mechanism of the interaction of the acidic
tail within HMGB1, we chemically synthesized a peptide

FIGURE 1: Schematic representation of the proteins used in this
study. Numbers indicate the first and last amino acid residue. HMG
box A comprises approximately aa 4-80 (black), HMG box B aa
90-165 (dark gray), and the acidic tail aa 185-214 (gray). The
linker between box A and box B is in white, and the basic stretch
between box B and the tail is in light gray.

HMGB1 Domain Interactions Biochemistry, Vol. 43, No. 38, 200411993



(T-peptide) that corresponds to the 30 amino acid long acidic
tail of HMGB1 (residues 185-214).

The secondary structures of the T-peptide, the ABbt

fragment, and full-length HMGB1 were probed using circular
dichroism (CD) spectroscopy (Figure 2A). As expected, the

spectra indicated that T-peptide is a random coil whereas
both ABbt and HMGB1 are predominantlyR-helical.

We then used ellipticity at 222 nm (a measure ofR-helical
structure) to probe the thermal stability of ABbt and HMGB1
(Figure 2B). The denaturation of HMGB1, and of the ABbt

fragment in both the presence and absence of the T-peptide,
is partially reversible and does not allow the precise
calculation of thermodynamic stability data. Fragment ABbt

has a melting temperature of 322 K (49°C), and the addition
of T-peptide increases it by 12 K. Full-length HMGB1 has
a melting temperature of 334 K (61°C), identical to that of
the complex between ABbt and T-peptide. This indicates that
the complex between the T-peptide and ABbt mimics very
closely the thermostability of full-length HMGB1.

Similar thermostability studies were performed on single
boxes, with and without T-peptide (Figure 2C,D). The
melting temperature of box A is shifted by 7 K (from 315
to 322 K), whereas that of box B is shifted only by 2.5 K
(from 325 to 327 K). Thus, the T-peptide stabilizes both
individual boxes, with a larger effect on box A.

The T-Peptide Binds to Box A.The association constant
determined by isothermal titration calorimetry (ITC) of
T-peptide with box A was (1.1( 0.14)× 105 M-1 (KD )
9 µM) (Figure 3, trace C). The ITC tracings are typical for
a weak interaction. The stoichiometry is close to 1:1. The
interaction at 293 K is favorable both enthalpically (∆Hobs

) -2.6 ( 0.15 kcal/mol) and entropically (T∆Sobs ) 4.2
kcal/mol). The negative binding enthalpy suggests the
existence of favorable polar interactions. Sedimentation
equilibrium experiments confirmed that the complex between
box A and the T-peptide has a mass of16( 2 kDa,

FIGURE 2: CD spectroscopy. (A) CD spectra of HMGB1 (dotted
line), ABbt (dashed line), and T-peptide (solid line). (B) Melting
curves of ABbt (open squares), of ABbt plus T-peptide in a 1:2 molar
ratio (crosses), and of full-length HMGB1 (filled dots). The data
were recorded at 222 nm. Refolding of ABbt in the presence and
absence of T-peptide was partially reversible under these conditions
(20 mM sodium phosphate, pH 7.4, 30 mM NaCl). The melting
curve of full-length HMGB1 superimposes completely with the
curve of the ABbt-T-peptide complex, indicating that the stabilizing
effect of the T-peptide on ABbt is similar to that of the acidic tail
in the full-length protein. (C) Melting curve of box A (open squares)
and box A plus T-peptide in a 1:2 molar ratio (filled dots). (D)
Melting curve of box B (open squares) and box B plus T-peptide
in a 1:2 molar ratio (filled dots).

FIGURE 3: Binding of the T-peptide to HMG boxes A and B
measured by ITC. The top panel shows the raw heat data obtained
over a series of injections of T-peptide into buffer (trace A), box
B (trace B), and box A (trace C). Titrations were performed in
PBS at 20°C. The lower panel shows the binding isotherms; solid
squares refer to box A (line represents the nonlinear least squares
best fit). For box B (open circles), a line has been drawn only to
guide the eye. Binding parameters determined for box A wereKA
) (1.15( 0.14)× 105 M-1, ∆Hobs) -2.6( 0.15 kcal/mol,T∆Sobs
) 4.2 kcal/mol, and stoichiometryn ) 0.95.
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compatible with the formation of a strong 1:1 complex (data
not shown).

No binding of the T-peptide to box B was detected by
ITC (Figure 3, traces B and D), suggesting that the interaction
is too weak to be detected using calorimetric methods.

Mapping of the Box Residues Interacting with the T-
Peptide. To identify the box residues involved in the
interaction with the T-peptide, we used chemical shift
perturbation methods.

The 1H-15N HSQC spectrum of the ABbt fragment is
essentially the sum of the HSQC spectra of the two
independent HMG box domains (data not shown). This
confirms that the two boxes, when linked in the entire
HMGB1 protein, maintain their fold and behave as structur-
ally independent domains, as already shown (12). The
secondary structure of the amino acids belonging to the basic
region downstream of box B was assessed using CR
secondary chemical shifts and15N NOESY-HSQC experi-
ment. Both methods indicate that this amino acid stretch is
unstructured: ∆CR chemical shifts are negative and the
NOEs typical ofR-helices andâ-sheets are absent (data not
shown).

T-peptide was then titrated into the solution of15N-labeled
ABbt fragment, and chemical shift differences (∆CS) were
monitored by recording a series of1H-15N HSQC spectra.
Chemical shift differences were small, suggesting that the
conformational changes of the ABbt fragment upon binding
of the T-peptide are small. This facilitated residue assignment
in the complex. Most chemical shift changes were a
continuous and monotonic function of the amount of added
T-peptide (up to a 1:4 protein:peptide ratio), indicative of a
fast-exchange regime on the NMR time scale. However, at
substoichiometric ratios we observed line broadenings for
the peaks corresponding to T76, I78, and I158, indicative of
an intermediate exchange regime. The residues showing the
largest∆CS are T76 and I78 in box A and N92, A93, I158,
and R162 in box B, as shown in the lower part of Figure 4.
Several nearby residues (Y70, R72, and K81 in box A and
A163, K164, and G165 in box B) are also affected to a lower
extent.

T-peptide was similarly titrated into solutions of15N-
labeled box A and box B. The residues showing significant
chemical shift changes were again T76 and I78 in box A

and N92, A93, I158, and R162 in box B (data not shown).
When mapped on the structures of boxes A and B (9, 11),
these residues cluster to the C-terminus of box A and to the
N- and C-termini of box B. Interestingly, despite the large
number of positively charged residues on helix III of both
boxes, only the chemical shift of R72 is affected in a minor
way by the presence of the acidic tail, suggesting that the
interactions between both boxes and the T-peptide are not
simply a result of a nonspecific electrostatic attraction.

The interaction of the T-peptide with box A reaches
saturation at a stoichiometry of 3:1 (T-peptide:box A),
whereas the interaction with box B does not reach saturation
up to a 5-fold excess of T-peptide (data not shown). This
result is in agreement with the ITC and thermostability data
indicating that the interaction of the T-peptide with box B
is much weaker than with box A.

The Acidic Tail Interacts with the HMG Boxes in the Full-
Length HMGB1 Protein.We next recorded the1H-15N
HSQC spectrum of full-length HMGB1 (Figure 5A). This
is very similar to that of the ABbt fragment, indicating that
the global conformation is maintained. The residues in the
acidic tail have typical random coil frequencies, with sharp
and intense peaks. Individual tail residues could not be
assigned: the corresponding peaks are fewer than expected
because of spectral overlap and exchange with the solvent.

Despite the high similarity between the spectra of full-
length HMGB1 and of ABbt, chemical shift differences were
observed for residues T76, I78, N92, A93, I158, and R162
(Figure 4). Remarkably, these are the backbone NH frequen-
cies which are most affected upon addition of the T-peptide
to ABbt (Figure 5B). In fact, most backbone NH frequencies
showed the same∆CS in the comparisons between HMGB1
and ABbt and ABbt plus or minus T-peptide (consider the
symmetrical appearance of the two halves of Figure 4).

These results indicate that the acidic tail interacts with the
boxes in the same way whether it is linked or not to the rest
of the protein.

DISCUSSION

In the present study we tried to understand the structural
relationship between the acidic tail and the HMG boxes of
HMGB1. We show that in the context of the full-length
protein the acidic tail is unstructured and interacts with
specific residues in both boxes. This interaction is faithfully
recapitulated by the interaction of a synthetic peptide and
tailless HMGB1, indicating that it does not matter whether
the acidic tail is connected to the boxes or not.

Our conclusion is based on the following evidence: (i)
Tailless HMGB1 has a lower thermal stability than full-
length HMGB1 but in the presence of T-peptide regains an
identical stability to full-length HMGB1. The difference in
melting temperature (12 K) implies a strong stabilizing effect
of the acidic tail. (ii) NMR techniques identified residues in
both boxes that interact either with T-peptide or with the
acidic tail in the context of full-length HMGB1. In both
cases, the boxes maintain their global fold and do not interact
directly with each other. The acidic tail is unstructured in
full-length HMGB1, like the T-peptide. The interactions
between the boxes and the T-peptide are specific and not
purely an effect of an unspecific electrostatic attraction, as
a large number of basic residues dispersed throughout the
boxes and the basic linker do not interact with the T-peptide.

FIGURE 4: Chemical shift differences. Histograms showing the
value of the chemical shift displacement vector∆CS between
HMGB full length and ABbt (HMGB1) and between ABbt and
ABbt-T-peptide (1:4) (ABbt). Numbers on thex-axis indicate the
residue in the HMGB1 sequence. Note that the two panels are
arranged symmetrically about they-axis.
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(iii) Isothermal calorimetry, circular dichroism, and sedi-
mentation equilibrium experiments all indicate that box A
and the T-peptide form a stable 1:1 complex. These
techniques do not detect a stable complex between box B
and the T-peptide, suggesting that the tail interacts more
favorably with box A than with box B. Recent chemical
cross-linking experiments have shown that the acidic tail
interacts preferentially with box B (22). We note that we
find interactions with both boxes; the nature of the cross-
linking agent might have favored the formation of covalent
bonds with box B rather than box A.

The basic stretch connecting box B with the acidic tail is
also unstructured, as shown by the negative∆CR chemical
shifts and the absence of NOEs typical for secondary
structures. Thus, we find no evidence of an additional
R-helix, as proposed by Rauvala and collaborators on the
basis of a proposed similarity between HMGB1 and S100
proteins (7, 31). The sum of the basic stretch and the acidic
tail creates an unusually long flexible extension, with an
average length that exceeds the total size of both boxes. It
is this flexible extension that binds to the HMGB1 receptor
RAGE (31).

Our NMR binding studies reveal residues on the surface
of the two HMG boxes that are in close proximity with the
tail peptide. Despite the high positive surface potential, no
interaction of the acidic tail was detected with helix III:
backbone NH frequencies are not affected and neither are

side-chainεNH frequencies of arginines. Thus, the interac-
tions between the boxes and the tail peptide are not simply
a result of an electrostatic attraction. Interestingly, the model
of the ABbt fragment (Figure 6) suggests that the amino acids
interacting with the tail may form the two walls of a canyon
that has as the floor the linker connecting the boxes. Of
course, Figure 6 only shows a static representation of a
particular orientation between the boxes, which on the other
hand behave as structurally independent entities. When the
boxes are not in the relative orientation depicted in Figure

FIGURE 5: 1H-15N HSQC spectra. (A)1H-15N HSQC spectrum of full-length HMGB1. Peaks are labeled with assignment information.
In the region between 120 and 122 ppm (15N) and 8.2-8.5 ppm (1H) the sharp and intense peaks correspond to the unstructured acidic tail.
Peaks in the region between 110 and 113 ppm (15N) and 6.5-7.6 ppm (1H) correspond to NH2 side chains of Q and N residues. (B)
Selected regions of the1H-15N HSQC spectra of ABbt (top), ABbt complexed with T-peptide, 1:4 protein:peptide (middle), and full-length
HMGB1 (bottom). Significant shifts in the peak position of residue I158 were observed when T-peptide or the acidic tail were present,
whereas resonances S120, K145, and A100 did not move.

FIGURE 6: Schematic representation of HMGB1. Surface repre-
sentation of a model of boxes A and B connected by their linker.
The side chains of the residues displaying significant chemical shift
differences (see Figure 4) are shown in blue. The boxes are
rotationally free with respect with each other; therefore, the relative
orientation of the two boxes has been chosen randomly. Note that
the side chains in box A and box B that interact with the tail might
come close to each other (as in this representation) and the tail
might insert between them.
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6, the tail may interact with a single box at a time.
The T-peptide-ABbt system is in fast exchange, and the

maximum proton chemical shift difference (∆δ) observed
for I158 is 78 Hz, yielding a lower limit of 500 s-1 for the
dissociation rate constantkdiss (kdiss . 2π∆δ; ref 32).
Therefore, the T-peptide has a maximal residence time of 2
ms in the complex with one or both boxes. According to
our model, the interaction of the tail with the boxes in the
full-length protein will be similar. Significantly, although the
tail-box complex is a dynamic system, the tail will be in
close proximity to the boxes most of the time and can shield
them from other interactions. This can explain its role in
modulating the interaction of HMGB1 with DNA and its
helix-distorting ability (14-17), in reducing nucleosome
binding (18), and in shielding Lys 81 in the linker between
the two boxes from acetyltransferases (20). It is also likely
that the acidic tail affects the cytokine function of HMGB1
by modulating interactions with receptors and plasma
components. Conversely, the interaction of HMGB1 with
DNA and/or other proteins can easily displace the acidic tail
from the interaction with the boxes; the displaced tail might
then assume a different role as a charged surface for
additional interactions.
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