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a b s t r a c t

High mobility group box 1 (HMGB1) is a damage-associated molecular pattern (DAMP) molecule that
triggers the progression of several pro-inflammatory diseases such as diabetes, Alzheimer’s disease
and cancer, by inducing signals upon interaction with the receptors such as the receptor for advanced gly-
cation end-products (RAGE) and toll-like receptors (TLRs). The acidic C-terminal tail of HMGB1 is an
intrinsically disordered region of the protein which is known to determine the interaction of HMGB1
to DNA and histones. This study characterizes its structural properties using a combination of circular
dichroism (CD) and molecular dynamics (MD) simulations. The full-length and tail-less forms of
HMGB1 were compared to rationalise the role of the acidic tail in maintaining the stability of the entire
structure of HMGB1 in atomistic detail. Consistent with experimental data, the acidic tail was predicted
to adopt an extended conformation that allows it to make a range of hydrogen-bonding and electrostatic
interactions with the box-like domains that stabilize the overall structure of HMGB1. Absence of the
acidic tail was predicted to increase structural fluctuations of all amino acids, leading to changes in sec-
ondary structure from a-helical to more hydrophilic turns along with increased exposure of multiple
amino acids to the surrounding solvent. These structural changes reveal the intrinsic conformational
dynamics of HMGB1 that are likely to affect the accessibility of its receptors.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Disordered regions in proteins frequently play significant bio-
logical roles which are often accompanied by large scale conforma-
tional shifts [1]. A disordered region is often characterized by,
among other features, the simplicity of its amino acid sequence,
which causes the protein to be dynamically disordered or unable
to fold spontaneously [2]. Interestingly, about 50% of all human
proteins contain intrinsically disordered regions, consisting of 40
amino acids or more [3]. Some intrinsically disordered regions only
become ordered upon binding to other biomolecules, whereas
others remain partially disordered even during interactions with
other biomolecules [4]. Investigation of intrinsically disordered
proteins by molecular dynamics (MD) simulation is now an area
of increasing research interest [5] due to the challenges of captur-
ing the unique folding and interaction kinetics of these proteins
caused by their disordered regions [6]. High Mobility Group
Box 1 (HMGB1) is a protein that contains an intrinsically disor-
dered region [7]. Intracellular HMGB1 binds DNA and helps its
transcription, whilst extracellular HMGB1 interacts with some pat-
tern recognition receptors, mainly toll-like receptors (TLRs) and
receptor of advanced glycation end products (RAGE), triggering
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diseases that involves tissue inflammation such as cancer and
chronic sepsis [8].

HMGB1 is composed of two tandem box-like domains, Box A
and Box B, each consisting of three helices, as shown in Fig. 1.
The predominant secondary structure of HMGB1 is reported to
be a-helix [7,9–11]. The acidic C-terminal tail preceding the boxes
is an intrinsically disordered region that plays an important role in
preserving the structural integrity of the entire protein by main-
taining its stability against chemical denaturation and low pH
[7]. A previous CD study put forward that, without the acidic tail,
HMGB1 has lower thermal stability than full-length HMGB1 but
upon interaction with the tail peptide, truncated HMGB1 has sim-
ilar stability to that of full-length HMGB1 [9]. The acidic tail has a
Fig. 1. (a) Representation of the domain structure of full-length HMGB1. Beneath: struc
Protein Data Bank (PDB) entry 2YRQ: (b) m20 and (c) m5. In each structure, red regions re
III of Box A (residues 1–79). Yellow regions represent the linker residues 80–88. Mean
portions represent Helix III’ of Box B (residues 89–163). The navy-blue regions represent
corresponding full-length structures of these models after MD simulation equilibration
referred to the web version of this article.)
highly negative charge due to its 30 consecutive Asp and Glu resi-
dues [12], from residue 186 to 215 (Fig. 1a). The acidic tail in the
HMG protein family is strongly associated with conserved domains
within the HMG boxes and the basic linker region [13], thus play-
ing a role in the interaction with binding partners. For example, the
tail in HMGB1 can interact with the DNA binding regions of the
two predominantly basic boxes and linker region, obstructing their
DNA binding region and diminishing the ability of Box B to bend
DNA [13,14]. The interaction of the tail with the boxes and linker
regions causes the whole structure of HMGB1 to collapse in an
auto-inhibited conformation. This conformation exists in an equi-
librium with the more open form, which is competent for binding
DNA or other proteins [13,15]. The tail was reported to bind to
tural models of full-length and tail-less HMGB1. These models were taken from the
present Helix I, orange parts represent Helix II, and amber portions represents Helix
while, cyan parts represent Helix I’, light blue regions represent Helix II’, and blue
the linker between Box B and the acidic tail (residues 164–185). (d) Snapshots of the
. (For interpretation of the references to color in this figure legend, the reader is
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Box B with higher affinity than Box A by Stott et al. [15]. Their SAXS
studies revealed that there is an ensemble of closed (collapsed) and
open conformations, with the former being preferred [15]. The end
portion of the tail was determined to protrude away from the rest
of the protein [15].

Previous NMR studies have indicated that a number of specific
residues within the boxes interact with the acidic tail. The amino
acids reported in common are Trp49, Thr77, Ala94, Ile159 and
Arg163 [9,10,15]. More specifically, Knapp et al. reported residues
Thr77, Ile79, Asp93, Ala94, Ile159 and Arg163 [9], Watson et al.
reported residues Trp49, Lys50, Thr77, Lys112, Ala137 and Ile159
[10], whereas Stott et al. [15] reported residues Gln21, Lys43,
Trp49, Asp62, Thr77, Tyr78, Ala94, Arg110, Ile159 and Ala160. This
last study also suggested that different conformations of HMGB1
determine which amino acids of the boxes are likely to interact
with the acidic tail [15].

HMGB1 has three conserved Cys residues (Fig. 1a), which are
sensitive towards the redox environment. The change of redox sta-
tus modifies these residues and the conformation of HMGB1,
which can determine its interactions with other proteins or mole-
cules [16]. To enable extracellular HMGB1 to promote cytokine
activity, these Cys residues must exist in specific reduced states.
When Cys23 and Cys45 in Box A form disulfide bond and the
Cys106 in Box B is reduced, HMGB1 is reported to interact with
myeloid differentiation factor 2 (MD2) in the TLR4/MD2 complex
[16]. When all Cys residues are reduced, HMGB1 interacts with
CXC motif ligand 12 (CXCL12) [17].

In this study, the contribution of the acidic tail to the overall
structure of HMGB1 was characterized using circular dichroism
(CD) and MD simulation. A coarse-grained (CG) representation
was selected to facilitate the simulation of this system for long
enough time to observe biologically-relevant changes in molecular
conformations [18]. Various MD force fields have been reported to
not possess the correct balance between protein–protein and pro-
tein–water dispersion interactions, which are necessary to accu-
rately model intrinsically disordered proteins [6]. We thus chose
the united atom ‘proteins with atomic details in a coarse-grained
environment’ (PACE) force field, which combines the simulation
of a protein in atomistic detail and a coarse-grained description
of the solvent to accurately describe protein folding [18] to
describe its thermodynamic and kinetic properties [19].

Our simulations characterise the interactions of the acidic tail
with the boxes and their relationship with the overall structural
stability of HMGB1, which is discussed in the context of published
experimental data. Absence of the acidic tail was observed to lead
to significant changes in the secondary structure of HMGB1, from
a-helical to more solvent-exposed turns as a result of increased
fluctuations and solvent exposure of multiple amino acids in the
protein. This suggests that the acidic tail may play a key role in
determining HMGB1 function and its propensity for interaction
with certain partners.
2. Materials and methods

2.1. Circular dichroism of HMGB1 constructs

The HMGB1 constructs, with and without the acidic tail, were
isolated from crude protein lysate obtained from a culture of
E. coli T7 Shuffle K transformed with plasmids containing HMGB1
gene. Protein purification was done in two-step chromatography,
using HiTrap Heparin HP (GE Healthcare) and Superdex 200
10/300 GL (GE Healthcare) columns in a ÄKTA Purifier 100 system
(GE Healthcare), as previously reported [11,20]. These protein con-
structs were then dialyzed against a 10 mM KH2PO4 buffer at a pH
of 7.4 [11].
CD measurements were conducted using a JASCO J-815 spec-
tropolarimeter with a 1.0 mm path length rectangular Spectrosil
Quartz cuvette (Starna). All measurements were performed with
standard sensitivity (100 mdeg), a 1 nm data pitch and bandwidth,
a speed of 100 nm/min in continuous scanning mode, and 1 s
response. Absorbance was monitored over the range 260–
185 nm. All experiments were initiated by blank measurements
over five accumulated scans using 400 ll of the above buffer.

The reducing agent b-mercaptoethanol was used to disrupt the
disulfide bond between Cys23 and Cys45 in HMGB1. The effect of
adding b-mercaptoethanol to the HMGB1 constructs was deter-
mined by observing changes to their CD spectra. Three aliquots
of each form of HMGB1 were prepared and b-mercaptoethanol
was added to each one to the final working concentrations of
0 mM, 1 mM, 5 mM and 10 mM. The samples were incubated for
1 h on ice before measurements in the spectropolarimeter. The
CD spectra obtained for each concentration was then blank-
subtracted with the above described buffer containing the respec-
tive b-mercaptoethanol concentration. A similar procedure was
performed for samples treated with different concentrations of
the free cysteine alkylating agent, iodoacetamide. The final work-
ing concentrations for the iodoacetamide assay were 0.5 mM,
1 mM and 5 mM.

2.2. Secondary structure determination by CD

Determination of the secondary structure content in HMGB1 by
CD was carried out as described previously [11]. CD measurements
of the secondary structure of both full-length and tail-less HMGB1
at a concentration of 20 lM were conducted using a 10 mM KH2-
PO4 buffer (at a pH of 7.4 buffer) as the diluent, and the CD absorp-
tion spectra were accumulated over five scans. To obtain the CD
spectra and secondary structure percentages, the raw data
obtained were submitted to DichroWeb [21] and processed with
reference set 6, which was specifically optimized for a wavelength
range of 185–240 nm [22]. The CONTIN algorithm was used to fit
the data and predict the secondary structure contents [23].

2.3. MD simulations

The reference structure for HMGB1 without its acidic C-
terminal tail was taken from the solution NMR structure of the tan-
dem HMG box domain of HMGB1 (PDB file 2YRQ) [24,25], which
consists of 173 residues. The Cys residues were kept in their
reduced form. To obtain the complete structure of HMGB1, the
30 residue-sequence of the tail and its preceding Val174-Lys185
region was modelled using MODELLER [26]. Henceforth, these
two structures will be referred to as full-length and tail-less
HMGB1. As shown in Fig. 1b and c, two different structural models
of HMGB1 (5 and 20, henceforth referred to as m5 and m20) were
selected from the total of 20 models in the conformational ensem-
ble determined by NMR spectroscopy. The m20 model was
selected from amongst the three models that have the largest dis-
tance between the box domains, namely models 9, 14, and 20.
Model m20 has the lowest atom-based root mean square deviation
(RMSD) with respect to model 1, which was taken as the reference
structure since it is the lowest-energy model in the NMR ensemble.
Model 5 was selected as it exhibits the largest RMSD with respect
to model m20. Models 5 and 20 thus represent the two most dis-
tinct conformations determined experimentally, which may exhi-
bit different conformational behavior and interactions with the
acidic tail.

The PACE united-atom protein force field [18] was applied to
both forms of HMGB1 using the MD simulation program GROMACS
[27]. The PACE force field was optimized for residue-specific con-
formational potentials and the interactions between side chains
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and the protein backbone, ensuring a balanced representation of
structurally defined and disordered regions [19]. Cubic simulation
cells were constructed with a 12 Å distance between the protein
and the sides of the cell (Fig. 1d). In each system the protein was
solvated using the MARTINI water model [28]. The net charge of
the protein was neutralized, and an ionic strength of 0.15 M was
simulated by adding 161 Na+ and 156 Cl� ions for full-length and
156 Na+ and 181 Cl� ions for tail-less HMGB1.

The production runs were performed using GROMACS 4.5.5
[29]. Electrostatic interactions between polar groups were calcu-
lated using Coulomb potentials. For consistency with the PACE
force field, switching functions were used with Coulomb potentials
from 0 to 1.2 nm and with Lennard-Jones 6–12 potentials from 0.9
to 1.2 nm [30]. All production runs were performed in the NPT
ensemble. The system temperature was maintained at 323 K using
the Berendsen thermostat [31]. The diffusion constant of water in
the original MARTINI model (with which the PACE force field
was developed) agrees with the experimental value at this temper-
ature, which also prevents the freezing of water, a problem known
to occur with the MARTINI water model at lower temperatures
[32]. A constant isotropic pressure was maintained at 0.1 MPa with
the Parrinello-Rahman barostat [33]. Before commencing the pro-
duction run, an initial run of 0.4 ms was performed with an elon-
gated structure of HMGB1, where the tail was located further
away from the boxes. All production runs (from which all analyses
were conducted) were carried out for 10 ms with a time step of
20 ps. The trajectory data was recorded every 10 ns. VMD was used
for all visualization tasks [34].

Structural analyses were performed for the region encompass-
ing residues 1–185, whereas computation of hydrophobic contacts
and hydrogen bonds included the tail region encompassing resi-
dues 186–215. The secondary structure content of the protein
was measured using the Dictionary of Secondary Structures of Pro-
tein (DSSP) [35]. Analysis of the average root-mean-square devia-
tion (RMSD) of main chain Ca atoms was performed to assess
Fig. 2. Circular dichroism spectra for (a) full-length HMGB1 and (b) tail-less HMGB1, u
experimental data and the red dotted line is the CONTIN fit. (For interpretation of the refe
article.)
the impact of the C-terminal acidic tail on the structural stability
of HMGB1 by comparing between structures with and without
the tail. The RMSD was measured with respect to the initial model
chosen from the NMR structure (2YRQ). Clustering of conforma-
tions was carried using the g_cluster module in GROMACS [29]
using a RMSD cut-off of 0.4 nm to identify unique conformations
of HMGB1. Analysis of hydrophobic contacts between boxes A
and B with the g_mindist module and of hydrogen bonds and/or
electrostatic interactions between each box and the acidic tail with
the g_hbond module were conducted for the two full-length forms
of HMGB1, in both cases using a conservative cut-off of 0.5 nm. The
average root-mean-square fluctuation (RMSF) [29] of each amino
acid in the protein was also computed in the presence and absence
of the tail. Lastly, computation of the solvent accessible surface
area (SASA) [29] was done to determine the extent of surface area
exposure towards the solvent, which is affected by conformational
changes.
3. Results

3.1. Secondary structure and stability of full-length and tail-less
HMGB1

Comparison of the secondary structure content of full-length
and tail-less HMGB1 in the absence of b-mercaptoethanol (Fig. 2)
reveals that full-length HMGB1 exhibits a substantially higher pro-
portion of helical content than the tail-less form. This is confirmed
by the CONTIN fit (Table S1 in the Supporting Information). Fig. 2
also reveals that the amount of helical content in both forms
decreases upon reduction with b-mercaptoethanol. The predicted
amounts of secondary structure content are less reliable with
higher concentrations of b-mercaptoethanol because the CONTIN
fit is poorer, and this is especially the case for tail-less HMGB1
across all concentrations of b-mercaptoethanol (Fig. 2). Both obser-
pon addition of different concentrations of b-mercaptoethanol. The blue line is the
rences to color in this figure legend, the reader is referred to the web version of this
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vations suggest that full-length HMGB1 has a more stable structure
upon reduction.

Analysis of secondary structure with DSSP of the MD simula-
tions of both the full-length m20 and m5 demonstrates that
Box A (residues 1–79) and Box B (residues 89–163) are dominated
by the presence of a-helical conformations (shown as blue areas in
Fig. 3a and c). Other prominent conformations are turn (shown as
yellow areas), which are especially apparent in the regions
between residues 75–100 and 165–185, corresponding to the lin-
ker regions between Box A and Box B, and between Box B and
the acidic tail, respectively (see Fig. 1).

The corresponding analysis of secondary structure for both the
tail-less m20 and m5 (Fig. 3b and d) suggests the occurrence of
instabilities with respect to the full-length counterparts, which
appear as frequent shifts between a-helical conformations and
turns. The structural shift between a-helix to turn in tail-less
m20 is indicated with red arrows which point to amino acids near
positions Glu40, Phe60, Arg110, Leu120, and Asn135 (Fig. 3b).
Meanwhile, the red arrows tail-less m5 indicate shifts in tail-less
m5 around amino acids near positions Ser35, Phe60, Thr85,
Asn135, and Ala160 (Fig. 3d).

Analysis of the Ca-RMSD for full-length m20 revealed that the
RMSD remained nearly constant around an average value of
1.84 nm (Fig. 4a). During the simulation the acidic tail adopted
an extended conformation between the boxes, as shown in the rep-
resentative conformations at the bottom of Fig. 4a. By contrast, the
Ca-RMSD of tail-less m20 exhibited larger oscillations with an
average value of 2.06 nm (Fig. 4b), demonstrating that the
structure is not as stable as its full-length counterpart. In the case
of full-length m5, analysis of the Ca-RMSD revealed that it rapidly
reached a very stable value, as evidenced by a small fluctuation
Fig. 3. Time evolution of the predicted secondary structure of (a) full-length m20; (b
determined with the DSSP method. Red arrows highlight regions in the sequence of tail-l
interpretation of the references to color in this figure legend, the reader is referred to th
around an average value of 2.15 nm (Fig. 4c). The corresponding
values of Ca-RMSD for tail-less m5 (Fig. 4d) reveal a similar
degree of oscillations around an average of 2.07 nm to those seen
for its tail-less m20 counterpart (Fig. 4b). This suggests that the
structure of tail-less m5 is also not as stable as its full-length
counterpart.
3.2. Clustering of conformations in m20 and m5 forms

A RMSD-based cluster analysis was performed to identify true
representative and unique conformations sampled during the sim-
ulation. Each simulation trajectory of the full-length and tail-less
forms of m20 and m5 was clustered separately. Dominant clusters
were identified for each form of HMGB1, as shown at the bottom of
the Ca-RMSD plots in Fig. 4. There were more clusters that could be
identified; however, since their percentages were less than 2%,
only clusters exhibiting percentages near 10% or more are pre-
sented. The dominant conformations of both tail-less m20 and
m5 (Fig. 4b and d) show that the boxes fluctuate more than their
full-length counterparts. Consequently, the distance between the
boxes also differs significantly between conformations. On the
other hand, the lack of variation in the position and distance
between the boxes in the dominant conformations of full-length
m20 and m5 (Fig. 4a and c) may be influenced by the position of
the tail. The position of the acidic tail between the boxes seems
to be the most favoured conformation of both full-length forms,
whereby the tail inserts itself into a deeper position between the
boxes in the dominant conformations of full-length m5 (Fig. 4c),
whereas the tail in the dominant conformations of full-length
m20 is located higher above the boxes (Fig. 4a).
) tail-less m20; (c) full-length m5; and (d) tail-less m5. Secondary structure was
ess m20 and m5 that exhibit shifts in conformation between a-helical and turn. (For
e web version of this article.)



Fig. 4. Time evolution of the Ca-RMSD and dominant conformations obtained from cluster analysis of (a) full-length m20; (b) tail-less m20; (c) full-length m5; and, (d) tail-
less m5. The color scheme in the RMSD plots indicates the change of conformations, with cyan indicating the time frame for the most favored conformation, followed by
crème and green as the area of the least preferred conformation, which are shown at the bottom of each RMSD plot. In each structure the red regions represent Box A, blue
regions represent Box B, yellow portions represent the linker between boxes, cyan regions represent the linker between Box B and the acidic tail, and light green portions
represent the acidic tail. Each conformation is shown with its corresponding percentage occupancy. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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3.3. Hydrophobic contacts between Box a and Box B

Due to the position of the tail in the full-length form of HMGB1,
the boxes appear to stay at a relatively fixed distance relative to
each other, as revealed by the dominant conformations shown at
the bottom of Fig. 4a and c. Both boxes have a net positive charge
and, therefore, electrostatic interactions are not likely to dominate.
Instead, any contacts between the boxes are likely to involve
hydrophobic interactions. In order to characterize these interac-
tions between the boxes, the number of hydrophobic contacts
formed between Box A and Box B were calculated between carbon
atoms of the side chains of nonpolar, hydrophobic amino acids. In
full-length m20, an average of ~29 hydrophobic contacts were
formed between the boxes (Fig. 5a), substantially higher than the
average of ~7 hydrophobic contacts formed between the boxes in
full-length m5, which were observed only after 0.6 ms in the simu-
lation (Fig. 5b), at which point the acidic tail had occupied a deep,
stable position between the boxes (Fig. 4c). The higher number of
hydrophobic contacts in full-length m20 were found to be made by
Phe, Met, Ile, Pro and Tyr residues (Fig. 5c), whereas in full-length
m5 the lower number of hydrophobic contacts observed were
made by Ile and Pro residues (Fig. 5d). The positions of specific resi-
dues mediating these interactions are shown within each box in
Fig. 5e and f. Phe89 (Box B) forms the largest number of hydropho-
bic contacts with ~42. Met75 (Box A) establishes ~24 contacts and
Pro95 (Box B) with ~15 contacts. Additionally, Tyr78 from Box A as



Fig. 5. Hydrophobic contacts formed between Box A and Box B. Time evolution of the average number of hydrophobic contacts between Box A and Box B in (a) full-length
m20 and (b) full-length m5. Amino acid residues with the largest number of hydrophobic contacts in (c) full-length m20 and (d) full-length m5. Snapshots show residues
forming hydrophobic contacts in (e) full-length m20 and (f) full-length m5. In each figure (e) and (f), the red regions represent Box A, blue regions represent Box B, yellow
portions represent the linker between boxes, cyan regions represent the linker between Box B and the acidic tail, and light green portions represent the acidic tail. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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well as Ala94 and Ile159 from Box B were predicted to form
hydrophobic contacts with the boxes, each forming ~8, ~4, and
~0.4 contacts, respectively. These residues had been reported to
interact with either the acidic tail or the linker residue between
Box B and the tail [9,10,15].

3.4. Hydrogen bonds and electrostatic interactions between the boxes
and the acidic tail

The acidic tail carries a substantial negative charge and is thus
expected to make a significant number of electrostatic and
hydrogen-bonding interactions with the boxes. As seen at the bot-
tom of Fig. 4a and c, the acidic tail seems to favor an elongated con-
formation positioned between the boxes in both full-length m20
and m5, thus forming multiple interactions with the boxes.
Because the PACE coarse grained force field does not explicitly
model hydrogen bonds, a distance-based analysis was conducted
to compute hydrogen bonds and/or electrostatic interactions
between the N and O atoms of the side chains of the acidic tail resi-
dues and the charged or neutral-polar amino acids in either Box A
or Box B. Overall, the acidic tail was determined to form slightly
more hydrogen bonds and electrostatic interactions with Box A.
In full-length m20, there is an average of ~10 hydrogen bonds/elec-
trostatic interactions between the tail and Box A and ~7 with Box B
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(Fig. 6a). Similarly, ~9 hydrogen bonds/electrostatic interactions
were computed between Box A and the tail in full-length m5,
whereas Box B has an average of ~8 with the tail (Fig. 6b). As
expected, most of the interactions in full-length m20 are formed
by the positively charged residues Arg and Lys, and to a much les-
ser extent by the polar residues Tyr, Ser, and Gln (Fig. 6c). Mean-
while, these interactions are formed almost equally by Lys, Arg
and Tyr in full-length m5 (Fig. 6d). The larger fluctuations in the
number of interactions between the acidic tail and the boxes in
Fig. 6. Hydrogen bonds and electrostatic interactions formed between the acidic tail
electrostatic interactions between the acidic tail and Box A (red) and Box B (black) in (a) f
of hydrogen bonds and electrostatic interactions from each box in (c) full-length m20
electrostatic interactions in (e) full-length m20 and (f) full-length m5. In each figure (e) a
represent the linker between boxes, cyan regions represent the linker between Box B and
of the references to color in this figure legend, the reader is referred to the web version
full-length m20 reflect the larger conformational changes (Fig. 4)
compared to m5. Fig. 6e and f show the type of residues that medi-
ate the interaction in each box. Amino acids Tyr155 and Arg163
were found to interact with the acidic tail with ~0.3 and ~5 hydro-
gen bonds/electrostatic interactions, respectively, along with Tyr78
with ~2 hydrogen bonds/electrostatic interactions. However,
Fig. 6e and f also show that other amino acids, particularly Arg10
and Lys12, were predicted to form ~7 and ~2 hydrogen bonds/elec-
trostatic interactions, respectively.
and the boxes. Time evolution of the average number of hydrogen bonds and
ull-length m20 and (b) full-length m5. Amino acid residues with the largest number
and (d) full-length m5. Snapshots show amino acids forming hydrogen bonds or
nd (f), the red regions represent Box A, blue regions represent Box B, yellow portions
the acidic tail, and light green portions represent the acidic tail. (For interpretation
of this article.)
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3.5. Effect of alkylation on structural stability

Iodoacetamide is often used to alkylate free Cys residues in a
protein so that the Cys residues cannot form disulfide bonds
[36]. The CD spectra shown in Fig. 7 demonstrate that alkylation
of HMGB1 with an increasing concentration of iodoacetamide
alters the secondary structure of HMGB1, both with and without
its acidic tail. Treatment with as little as 0.5 mM iodoacetamide
resulted in visible shifts in the CD spectra. Surprisingly, the pre-
dicted content of secondary structure by the CONTIN fit of the data
(Table S2 in the Supporting Information) shows that a-helical con-
tent drastically decreases in full-length HMGB1 after extensive
alkylation, with a similar but less pronounced effect in the tail-
less form. The loss of a-helical structure in full-length HMGB1
was more significant after treatment with iodoacetamide than
with b-mercaptoethanol (Table S1 in the Supporting Information).

Both Cys23 and Cys45 are surrounded by hydrophilic amino
acids that are located at least three residues before and after them
in the protein sequence. By contrast, Cys106 is mostly surrounded
by hydrophobic or neutral amino acids. The three Cys residues
were found to have relatively low average SASA values (Table 1).
However, almost all surrounding amino acids have higher solvent
exposure than these Cys residues.

3.6. Residues involved in conformational fluctuations in full-length and
tail-less HMGB1

Comparison of the computed RMSF values between the full-
length and tail-less forms in the simulations of both m20 and m5
reveals that Pro32 exhibits a prominent peak compared to other
residues in all four forms of HMGB1. Additionally, the residues
within Box A display higher fluctuations than those in Box B, and
the overall RMSF values of full-length m5 (Fig. 8c) were predicted
to be considerably lower than those of its m20 counterpart
(Fig. 8a). In the tail-less forms, there are residues other than
Pro32 that show higher fluctuations in the m20 and m5 forms
Fig. 7. Circular dichroism spectra for (a) full-length HMGB1 and (b) tail-less HMGB1,
experimental data and the red dotted line is the CONTIN fit. (For interpretation of the refe
article.)
(Fig. 8b and d), as opposed to their significantly less noticeable
full-length counterparts (Fig. 8a and c). In tail-less m20, the
Lys59 in Box A and Ile122 and Ile139 in Box B display the largest
fluctuations (Fig. 8b), whereas in tail-less m5 the residues with
the largest fluctuations are Glu59 in Box A and Leu120 in Box B
(Fig. 8d).

Residues 79–89 in the linker region between Box A and Box B in
the full-length m20 and m5 forms were predicted to have much
lower fluctuations than residues in the boxes (Fig. 8a and c). By
contrast, in the same region of the tail-less m20 and m5 forms,
some residues exhibit significantly large RMSF values, peaking
for Lys86 in m20 (Fig. 8b) and Glu84 in m5 (Fig. 8d). Nonetheless,
the linker region in the m5 form exhibited lower RMSF values than
in the m20 form.

3.7. Changes in solvent exposure of amino acids

Table 2 lists the amino acid residues of both m20 and m5 which
have more than 0.5 nm2 increase or decrease in SASA values. All
residues shown in Table 2 are either hydrophobic or hydrophilic.
Interestingly, changes in secondary structure revealed by DSSP
analysis (Fig. 3) appear to correspond to a number of amino acids
listed in Table 2. The red arrows indicate areas around certain
amino acids in the tail-less form m20 (Fig. 3b) that undergo struc-
tural switch between a-helix and turn, which correspond to Phe41,
Arg110, Ile122 and Thr136. These residues are among the amino
acids in the tail-less form of m20 that exhibit large increases or
decreases in SASA values (Table 2). In the DSSP analysis of the
tail-less form m5 (Fig. 3d), the red arrows correspond to Phe38,
Lys57, Met63, Lys87, Lys88, Thr136 and Ala160. These residues
are also among the amino acids with large increases or decreases
in SASA values (Table 2). Furthermore, almost all of these amino
acids correspond to regions with high RMSF values (Fig. 8a and b).

The significant number of hydrophobic contacts shown in Fig. 6
is reflected in reductions of SASA values for a large number of resi-
dues within the boxes (Table 2). Several hydrophobic or bulky resi-
upon addition of different concentrations of iodoacetamide. The blue line is the
rences to color in this figure legend, the reader is referred to the web version of this



Table 1
Average SASA values of residues Cys23, Cys45 and Cys106, as well as of the three residues before and after them in the protein sequence. Hydrophilic residues are shown in bold.

Residue Number Average SASA values (nm2)

m20 m5

Full-length Tail-less Full-length Tail-less

Val 20 0.28 0.41 0.34 0.14
Gln 21 1.2 1.27 1.07 1.17
Thr 22 0.47 0.63 0.42 0.55
Cys 23 0.27 0.42 0.14 0.24
Arg 24 1.2 1.2 1.03 1.04
Glu 25 0.95 1.02 0.9 0.93
Glu 26 0.97 1.00 0.81 0.94
Ser 42 0.78 0.6 0.38 0.39
Lys 43 1.57 1.33 1.46 1.38
Lys 44 0.98 1.14 0.87 1.19
Cys 45 0.27 0.4 0.1 0.11
Ser 46 0.74 0.62 0.62 0.65
Glu 47 1.09 1.03 0.98 1.26
Arg 48 0.98 1.36 1.17 1.4
Phe 103 0.63 0.57 0.46 0.17
Leu 104 0.07 0.2 0.25 0.23
Phe 105 0.09 0.03 0.06 0.56
Cys 106 0.12 0.16 0.18 0.21
Ser 107 0.51 0.63 0.79 0.71
Glu 108 0.96 0.77 0.86 0.84
Tyr 109 0.77 0.32 0.5 0.51

Fig. 8. Average RMSF values for (a) full-length m20; (b) tail-less m20; (c) full-length m5; and (d) tail-less m5.
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dues, particularly Phe, Ile, Met, and Tyr, have significantly lower
values in full-length m20 compared to the tail-less form, and are
found to contribute the most in forming hydrophobic contacts
(Fig. 5c). By contrast, full-length m5 does not have as many resi-
dues with reduced values of SASA. This explains the higher number
of hydrophobic contacts in full-length m20 compared to m5. Fur-



Table 2
Average SASA values of amino acid residues in full-length (FL) and tail-less (TL) forms of both m20 and m5 that display the largest changes. Hydrophilic residues are shown in
bold, while all others are hydrophobic residues. The residues that experience more than 0.5 nm2 increase in SASA value in the tail-less form compared to the full-length form are
highlighted in grey.

Residue Number Average SASA values (nm2) Residue Number Average SASA values (nm2)

FL m20 TL m20 FL m5 TL m5

Arg 10 1.48 0.95 Tyr 16 0.84 0.39
Met 13 0.93 0.34 Phe 38 1.05 0.23
Phe 41 0.18 0.67 Lys 55 1.65 1.15
Trp 49 0.58 1.09 Lys 57 0.93 1.63
Lys 57 1.63 1.08 Met 63 1.27 0.79
Met 75 0.29 0.73 Glu 72 0.36 0.93
Lys 76 1.69 1.04 Lys 82 1.85 1.14
Tyr 78 0.27 0.78 Lys 87 0.80 1.51
Thr 85 0.53 1.07 Lys 88 0.76 1.47
Lys 86 0.76 2.00 Gly 115 0.17 0.66
Phe 89 0.15 0.90 Pro 118 1.15 0.69
Pro 95 0.87 0.38 Leu 120 0.64 1.34
Phe 105 0.06 0.56 Glu 131 1.41 0.95
Arg 110 0.94 1.57 Thr 136 0.18 1.14
Ile 122 1.31 0.34 Ala 138 0.79 0.29
Met 132 0.46 1.01 Ile 159 0.39 0.90
Thr 136 0.29 0.80 Ala 160 0.61 0.06
Tyr 144 0.32 1.23 Val 175 0.39 0.85

Val 176 0.15 0.72
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thermore, formation of hydrogen bonds and/or electrostatic inter-
actions between the boxes and the acidic tail (Fig. 6c and d) also
corresponds to polar/charged amino acid residues (Lys, Arg and
Tyr) that exhibit lower SASA values in the full-length forms com-
pared to their tail-less counterparts (Table 2).
4. Discussion

Previous all-atom MD simulation studies of HMGB1 have only
been performed in the submicrosecond timescale. A study of the
stability and conformational changes caused by different redox
states of the Cys residues in HMGB1 was conducted with simula-
tions of up to 100 ns [16]. Another study of the aggregation of
HMGB1 facilitated by the binding of Cys106 to (�)-epigallocate
chin-3-gallate (EGCG) was performed with simulations of up to
300 ns [25]. Both studies were conducted using GROMACS with
the AMBER99SB-ILDN and GROMOS96 53a6 force fields, respec-
tively [16,25]. However, large protein conformational changes
can occur in the ms to ms time scale. In this study, a solvent coarse
graining approach was adopted using the PACE force field to enable
the first simulation of substantially longer times for the character-
ization of equilibrium properties of full-length and tail-less
HMGB1.

In this study, the most abundant secondary structure in full-
length HMGB1 is a-helical, as also shown by the previously pub-
lished characterization of the structure of full-length HMGB1 using
CD spectroscopy [7,11]. The overall shape of the CD spectra (Fig. 2,
0 mM) with the dips in ellipticity at 208 and 222 nm, is similar to
those previously reported [9,10], indicative of the predominant a-
helical content in both full-length and tail-less HMGB1, although it
is lower in the latter form. Full-length HMGB1 was indeed pre-
dicted to retain its structural integrity better than the tail-less
form. This was especially the case for the full-length m5 form,
which rapidly attained a stable conformation, as shown in Fig. 4c
and its dominant conformations. The role of the acidic tail in stabi-
lizing the full-length HMGB1 is also confirmed by the dominant
conformations, which show that the tail mostly favors occupying
a position between Box A and Box B in both full-length m20 and
m5 (Fig. 4a and c), leading to an observed increased stability of
the full-length structures compared to the tail-less ones. We note
that the CD experiments and MD simulations were done in the
reduced state of HMGB1, which is expected to be the predominant
form in the nuclear and intracellular environment. Our findings
agree with the previous studies by Knapp et al. and Belgrano
et al., who described the higher stability of full-length HMGB1
compared to the tail-less one [7,9].

The difference of stability in full-length m5 and m20 appears to
be related to the distance between Box A and Box B. This distance
in m20 is significantly larger than in m5 (Fig. 1b and c), which was
indeed one of the reasons for selecting these structures, apart from
the fact that they have the largest difference in RMSD among all
pairs of structural models. During the simulation, however, the dis-
tance between the boxes decreased, as shown by the dominant
conformations of full-length m20 and m5 (Fig. 4a and c). The closer
distance between the boxes seemed to promote the formation of a
significant number of hydrophobic contacts between Box A and
Box B (Fig. 5). Our simulations also observed the formation of a rel-
atively constant number of hydrogen bonds and electrostatic inter-
actions between each box and the acidic tail, involving primarily
positively charged residues (Lys and Arg) as well as other polar
residues (Fig. 6), and which are likely to help to stabilize both
full-length forms. In particular, Tyr78 from Box A as well as
Ala93, Ile159 and Arg163 from Box B had been reported to interact
with either the acidic tail or the linker region [9,10,15] and were
predicted to establish hydrogen bonds and/or electrostatic interac-
tions with the tail region (Fig. 6e and f). Interestingly, since Arg163
was reported to interact with both RAGE [37] and the acidic tail
[9,10], it is likely that there is competition for binding between
the tail and RAGE. It is important to highlight Phe103 of Box B,
which is known to bind to DNA [14], and which was found to
establish ~7 hydrophobic contacts with Box A, further highlighting
the possibility of binding competition.

It is known that the acidic tail regulates the interaction between
HMGB1 boxes and DNA, ultimately facilitating the collapse of the
structure of HMGB1 [13,15]. Specific amino acid residues within
the box domains in HMGB1 are paramount for interaction with
the acidic tail and linker region between Box B and the tail. The
NMR experiments by Knapp et al., Watson et al., and Stott et al.
similarly highlighted the role of Thr77 in Box A and Ile159 in
Box B in the interaction with the tail [9,10]. In particular, Ile159
was proposed to specifically interact with residues 190–204 of
the acidic tail [10]. The predicted SASA values in Table 2 show that
Ile159 undergoes a prominent decrease in solvent exposure, con-
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firming that it interacts with other parts of the protein. Stott et al.
also demonstrated that certain hydrophobic residues, Phe89,
Ala94, Phe103, Ile122 and Ile159 in Box B interact with the linker
region between Box B and the tail [15]. In this study, two of the
listed hydrophobic residues, namely Phe89 and Ile159, were found
to experience a significant decrease in solvent exposure (Table 2).
Additionally, Trp49, Tyr78 and Arg110, which had been reported to
exhibit large shifts during salt titration (thus implying that they
interact with the acidic tail) [15], were predicted to exhibit signif-
icant decreases in solvent exposure (Table 2). The reduction in sol-
vent exposure of these amino acid residues can be directly
associated with inter-domain interactions.

The movement and relative position of the boxes is related to
the dynamics of the linker region. Panneerselvam et al. stated that
flexible linkers, such as the one between Box A and Box B (Fig. 1),
gives the connecting domains freedom to twist and rotate with
respect to each other [16], The predicted RMSF values (Fig. 8) show
that the linker region fluctuates more in the tail-less forms. This
fluctuation can be associated with the shift of the boxes with
respect to each other, as shown by the dominant conformations
at the bottom of Fig. 4b and d. On the other hand, the RMSF values
in the linker region are lower than those of the boxes in the full-
length forms, particularly in m5. This is likely to correspond to
the relatively fixed position of the boxes in the full-length forms
(Fig. 4a and c) compared to the tail-less ones (Fig. 4b and d).

The addition of iodoacetamide equally disrupted both the full-
length and tail-less forms of HMGB1, as shown in Fig. 7. Since
iodoacetamide is known to attack free Cys residues, it was initially
assumed that Cys106, as the free cysteine residue of HMGB1, is
equally accessible in either the full-length or the tail-less struc-
tures, making it susceptible to alkylation, which in turn may lead
to changes in the secondary structure of the protein. However, as
shown by the SASA values reported in Table 1, all Cys residues
and their surrounding amino acids in the protein sequence have
similar exposure to the solvent regardless of the presence or
absence of the acidic tail. Therefore, all the Cys residues may have
the same potential to be alkylated by iodoacetamide, regardless of
the presence of the tail. It is therefore possible to speculate that
Cys106 is not the only ‘‘free” Cys residue, as thiol/disulfide
exchange [36] may occur between Cys23, Cys45, and Cys106, mak-
ing them all equally likely to be alkylated.

A significant decrease in the level of solvent exposure was
observed in the hydrophobic residues in both tail-less m20 and
m5 forms compared to their full-length counterparts (Table 2).
The secondary structure analysis by DSSP for the tail-less forms
revealed that regions in the protein near those hydrophobic resi-
dues appear to shift from a turn conformation in their full-length
forms (Fig. 3a and c) to a-helix in their tail-less forms (Fig. 3b
and d). Ile residues stabilize the hydrophobic core of globular pro-
teins [38], so they are likely to be present in secondary structures
that are less exposed to the solvent. Ala, Met and Phe are residues
with a preference for forming a-helical structures [39,40]. How-
ever, not all hydrophobic amino acids with predicted low SASA val-
ues in the tail-less forms will necessarily be involved in a-helix
formation, as is the case, for example, of Pro95 in tail-less m20
and Pro118 in tail-less m5. Pro residues tend to be found in several
types of turns, including loops, which is due to their rigid structure
prevents formation of helical conformations [41]. As can be seen in
Fig. 3b and d, these Pro residues occupy turn regions.

A number of hydrophilic residues in the tail-less m20 and m5
structures were predicted to have high SASA values compared to
their full-length structures (Table 2). Arg and Lys are positively
charged residues that have a preference for exposure to the solvent
[41]. Negatively charged Glu residues have a higher degree of
hydrophilicity than other amino acids [42]. Lastly, Thr residues
have a tendency to break secondary structures [41]. The increased
solvent exposure of these residues was likely to contribute to the
change in secondary structure from a-helix to turn, as shown in
Fig. 3b and d. Turns and loops are known to have a tendency to
be more exposed to the solvent [43]. Therefore, in the absence of
the acidic tail, some regions of HMGB1 can be predicted to adopt
conformations with higher solvent exposure of their hydrophilic
residues.

5. Conclusion and future directions

This paper reports a MD simulation study that describes the
interactions of the acidic C-terminal tail within the structure of
HMGB1. A key conclusion, consistent with experimental data, is
that the acidic tail promotes the structural stability of HMGB1.
The hydrogen bonding and electrostatic interactions of the acidic
tail with the box domains of HMGB1 appear to be associated with
a lesser degree of solvent exposure of hydrophilic residues in cer-
tain regions of full-length HMGB1. Additionally, the stability of the
structure of HMGB1 is further enhanced by the hydrophobic inter-
actions between Box A and Box B, possibly due to the role of acidic
tail in bringing the boxes closer to each other. Some of the amino
acid residues involved in these interactions are also known to bind
DNA and other proteins. Therefore, it is important to examine the
position of such residues to determine whether they are competent
for binding to other proteins or are obstructed by other domains.
The reduction in solvent exposure of hydrophobic residues is due
to the interactions of those residues between the boxes. These find-
ings shed light on the stability associated with different, dominant
conformations of HMGB1.

Intrinsically disordered regions of proteins play a significant
role in protein conformation and aggregation [2], which is also
associated closely with disease progression [3]. For instance, the
well-studied amyloid-b (Ab) protein aggregates in the brains of
patients with Alzheimer’s disease due to interactions involving
its intrinsically disordered region [44]. In addition, the Cys residues
in a disulfide bond can regulate the formation of protein aggre-
gates. A study of the formation of hen egg white lysozyme (HEWL)
aggregates indicated that preventing disulfide bond formation
could weaken the interaction between protein monomers, reduce
aggregate size, and cause the non-polar groups in aggregates of
HEWL to be more solvent exposed [45]. Previous studies have also
indicated that the redox status of Cys residues is crucial to under-
standing the role of the conformation of HMGB1 in its interactions
with other proteins [46,47]. Consequently, characterizing the con-
tribution of the acidic tail and other amino acids, especially Cys
residues, on oligomer formation in HMGB1 is important because
these oligomers may be involved in the progression of inflamma-
tory diseases, such as diabetes, Alzheimer’s disease and cancer
[8]. This gives HMGB1 the potential to become part of the next
generation of FDA-approved therapeutic targets and inflammatory
biomarkers [24].
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