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The HMGB1 acidic tail regulates HMGB1 DNA binding specificity
by a unique mechanism
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Abstract

HMGB1 is a conserved chromosomal protein composed of two DNA-binding domains and an acidic C-terminal tail. There were
evidences suggesting that the C-terminal tail contributed to the DNA binding specificity of the N-terminal DNA-binding domains.
However, the mechanism underlining this observation is largely unknown. Our data first confirmed the previous study with NMR that
showed a direct interaction between HMGB1’s C-terminal tail and its N-terminal domains. We further demonstrated that this interaction
can be competed more efficiently by a DNA with four-way junction structure than by a linear double-stranded DNA. Mutations within
the N-terminal region, that disrupt its binding to the C-terminal tail, abolished HMGB1’s ability to distinguish the linear DNA and the
four-way junction DNA. Those data suggested a unique mechanism designed by nature that utilizes a protein’s negatively charged
C-terminal tail to enhance its DNA-binding domain’s specificity to certain structured DNAs.
� 2007 Published by Elsevier Inc.
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High-mobility group Box 1 protein (HMGB1; also
known as amphoterin or HMG1) is an abundant and
highly conserved chromosomal protein. It plays a crucial
role in transcriptional regulation either by remodeling
chromatin and nucleosome structure or through direct
interaction with transcriptional factors [1–4]. The func-
tional importance of HMGB1 as a transcription regulator
has been confirmed by phenotypes of the HMGB1 knock-
out mouse, which dies shortly after birth due to hypoglyce-
mia [5]. HMGB1 also plays a role as a cytokine outside the
cell, where it acts as a ligand for membrane receptor
RAGE as well as Toll-like receptors 2 and 4 [6–8].

HMGB1 has two DNA-binding domains named HMG
Box A, Box B (AB Boxes) and a unique carboxyl terminal
domain (C-tail) that consists of a continuous array of 30
acidic amino acids [9]. HMGB1 binds without sequence
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specificity to the minor groove of DNAs, causing local dis-
tortions in the DNA structure [10,11]. In addition,
HMGB1 associates with higher affinity to DNAs with
highly bended structures, such as four-way (Holliday) junc-
tions (4WJs) and cisplatin-modified DNAs [11]. Removal
of the acidic C-tail from HMGB1 enhances its DNA-bind-
ing activity in vitro, but weakens its preference for bended
DNAs over linear DNAs [10]. The mechanism underlining
this phenotype is largely unknown. Any hypothesis
explaining possible roles of the C-tail must take into con-
sideration the very unique sequence composition of the
C-tail. The 30 amino acid long C-tail domain only consists
of aspartic acid and glutamic acid residues, and its
sequence is highly conserved among different species. The
phylogenetic conservation of this domain suggests that
both the negative charges and the positions of each aspartic
acid or glutamic acid residues are important for its func-
tion. There were reports indicating that this acidic tail
interacts with the N-terminal part of HMGB1 protein

mailto:jtang@ibp.ac.cn


Q. Wang et al. / Biochemical and Biophysical Research Communications 360 (2007) 14–19 15
[12–14]. We hypothesized that the C-tail forms intra-molec-
ular interactions with the N-terminal DNA-binding
domains, and this interaction shields the DNA-binding
domains from unwanted interactions with DNAs in the
nucleus. This intra-molecular interaction is stronger than
the binding of the AB Boxes to linear DNAs, but weaker
than that to bended DNAs. In this way, the C-tail enhances
HMGB1 DNA binding specificity to bended DNAs (model
illustrated in Fig. 1A).

In the present study, we presented two lines of evidences
to support our hypothesis. First, the C-tail bound to the
AB Boxes with a Kd about 4 · 10�7 M. In a GST pull-
down assay, the interaction between the C-tail and the
AB Boxes could be competed more easily by a 4WJs
Fig. 1. (A) A proposed model in which the HMGB1 acidic tail folds back
Schematic representation of the proteins used in this study. Black bars in Box
DNA than by a linear DNA. Second, mutants in the AB
Boxes disrupted its interaction with the C-tail and also
abolished the preference of the full-length HMGB1 protein
to a 4WJs DNA in a biotin-labeled DNA ELISA assay.
Materials and methods

Chemicals and materials. All enzymes used in the experiments were
purchased from Takara (Japan) or New England BioLabs. All other
reagents were purchased domestically.

Cloning, expression, and purification of proteins. The recombinant
proteins corresponding to the full-length HMGB1, C-tail, AB Boxes, and
their mutant versions were depicted in Fig. 1B. The cDNA of HMGB1
(encoding amino acid residues 1–215) was purchased from Invitrogen. All
GST fusion constructs were cloned into the expression vector pET41a
to regulate the DNA binding specificity of the N-terminal domains. (B)
A and B represent the mutation sites.



Fig. 2. The C-tail interacts with the AB boxes and this interaction can be
competed by the 4WJs DNA. (A) Surface Plasmon Resonance (SPR)
analysis on BIACORE3000. ABwt was coated on a CM5 sensor chip.
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(Novagen) between the SpeI and XhoI sites. The wild-type and mutant AB
Boxes constructs were cloned into a vector named pET41d (a pET41a
variant with the GST coding sequence deleted) between the NocI and
XhoI sites. ABmut or FLmut was generated by introducing four-point
mutations, T76D, I78A, N92L, and A93F into ABwt or FLwt, respec-
tively with standard PCR based mutagenesis method.

All HMGB1 proteins were expressed in Escherichia coli strain
BL21(DE3). E. coli cultures were shaken at 200 rpm and 37 �C until the
OD600 reached 0.5–0.7. Isopropyl b-D-thiogalactopyranoside (IPTG) was
then added to the culture at a final concentration of 1 mM, and the protein
expression was induced for an additional 4 h at 30 �C. All GST-tagged
fusion proteins were purified with GST•Bind� Purification Kits (Nova-
gen) according to the manufacturer’s protocol. All His-tagged fusion
proteins were purified with His•Bind� Purification Kits (Novagen).

Surface Plasmon Resonance (SPR) analysis. The kinetics and equi-
librium constant of protein–protein interactions were measured by SPR
using the BIACORE3000 at 25 �C on CM5 sensor chip. Approximately
400 RU AB was captured on the flow cell. Running buffer and different
concentrations GST-C (100, 200, 400, 800, and 1600 nM diluted in run-
ning buffer) were applied to the AB containing flow cell for 3 min at a flow
rate of 30 ll/min. Non-specific binding to a blank flow cell was subtracted
to obtain corrected sensor-grams.

Preparation of the 4WJs and linear DNA. The oligonucleotides were
synthesized by Invitrogen, Beijing and purified with HPLC. The 4WJs
DNA and double-stranded linear DNA were prepared by annealing
equimolar amounts of the appropriate oligonucleotides in annealing buffer
(10 mM Tris–HCl, pH 7.2, 50 mM NaCl, 10 mM MgCl2) and slowly
cooling the mixture from 94 �C to room temperature [15]. Stable forma-
tion of the 4WJs DNA was demonstrated by gel electrophoresis (data not
shown). The following oligonucleotides were used to generate the 4WJs
DNA: leg 1, 5 0-CCC TATACCCCTGCATTGAATTCCAGTCTGATA
A; leg 2, 5 0-GTAGTCGTGATAGG TGCAGGGGTTATAGG; leg 3, 5 0-
AACAGTAGCTCTTATTCGAGCTCGCG CCCTATCACGACTA; leg
4, 5 0-TTTATCAGACTGGAATTCAAGCGCGAGCTCGAATAGAG
CTACTGT. A 5 0-biotinylated leg 3 oligonucleotide was used to anneal
with the others to generate the biotinylated 4WJs DNA.

The following oligonucleotides were used to generate the linear DNA:
25 bp-F: 5 0-TTTATCAGACTGGAATTCAAGCGCG; 25 bp-R: 5 0-CGC
GCTTGAATTCCA GTCTGATAAA. A 5 0-biotinylated 25 bp-F oligo-
nucleotide was used to anneal with 25 bp-R to generate the biotinylated
linear DNA.

GST pull-down. Fifteen micrograms of GST-C tail or GST alone was
bound to glutathione beads first. Twenty micrograms of ABwt protein was
incubated with the GST proteins on the beads at 4 �C for 30 min, followed
by washing with PBS buffer three times. The protein complex was com-
peted by the 4WJs or linear DNA for 30 min. Then the beads were boiled
with loading buffer and proteins were separated by electrophoresis on 12%
SDS–PAGE.

ELISA to detect protein and DNA interaction. Two micrograms of
target protein was coated on a 96-well ELISA plate for 1 h at 37 �C. After
washing with PBS buffer three times, the plate was blocked by 200 ll 1%
BSA (Amresco) at 37 �C for 1 h. Then final concentration of 5, 10, 20 or
40 pmol (5 pmol/ul) biotin-labeled linear DNA was added for 1 h, with or
without the non-biotinylated 4WJsDNA competition. After wash, 100 ll
of 0.5 mg/L streptavidin–HRP solution (BD Biosciences Pharmingen) was
added for 40 min. The o-phenylenediamzne solution (Amresco) was used
as substrate for 3 min and the results was read at OD490.
Increasing concentration of GST-C was injected to interact with ABwt on
the chip. (B) The GST control or GST-C was pre-bound to the glutathione
beads. ABwt was mixed with GST or GST-C on the beads and washed
three times with PBS. The protein complexes were separated by electro-
phoresis on 12% SDS–PAGE and visualized by Coomassie blue staining.
(C) The ABwt was interacted with GST-C on the glutathione beads and
washed three times with PBS. 0.1 and 0.5 nmol of the 4WJs DNA or the
linear DNA was mixed with the GST-C/ABwt complex for 30 min at
room temperature and washed. The protein complexes were separated by
electrophoresis on 12% SDS–PAGE and visualized by Coomassie blue
staining.
Results

The C-tail interacts with the AB Boxes

We used Surface Plasmon Resonance to directly measure
the binding affinity between the purified AB Boxes (ABwt,
see Fig. 1B) and the C-tail (GST-C, see Fig. 1B). The con-
stant of dissociation between the AB Boxes and the C-tail
was about 4.4 · 10-7 M (Fig. 2A). A GST pull-down assay
was also designed to confirm the direct interaction between
the AB Boxes and the C-tail. The GST or the GST-C was
pre-bound to the glutathione beads. Purified ABwt was
mixed with the GST or the GST-C on the beads and washed.
The ABwt binds to the GST-C, but not the GST. The ratio
between the ABwt and the GST-C is about 1:1 (Fig. 2B).
4WJs DNA competes with the C-tail in binding with the AB
Boxes

When DNAs were added to the above GST pull-down
assay, the 4WJs DNA could diminish the interaction
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between the AB Boxes and the C-tail, but at the same con-
centration, the linear DNA could not (Fig. 2C). When the
DNA concentration was further increased, both the linear
DNA and the 4WJs DNA could abolish the interaction
between the AB Boxes and the C-tail (data not shown).
The observation suggested that there was direct competi-
tion between the C-tail and the DNAs in their binding to
the AB Boxes, and the affinity of the linear DNA is lower
than that of the 4WJs DNA.

The AB Boxes mutant loses its interaction with the C-tail but

binds strongly with linear DNA

Previously published NMR data indicated that the C-
tail may interact with T76 and I78 in Box A as well as
N92, A93, I158, and R162 in Box B [12]. Four-point muta-
tions, T76D, I78A, N92L, and A93F were introduced into
one HMGB1 AB Boxes construct (ABmut, see Fig. 1B). In
a GST pull-down assay, the binding of the ABmut to the
GST-C is much weaker than that of the ABwt (Fig. 3A).
In an ELISA assay, the GST-ABmut and GST-ABwt (see
Fig. 1B) bound equally well to the biotinylated linear
DNA (Fig. 3B), indicating that those mutations do not
impair the AB boxes’ ability to interact with DNAs.
Fig. 3. The AB Box mutant no longer interacted with the C-tail but maintaine
pre-bound GST-C on the glutathione beads and washed. The protein complexe
Coomassie staining. (B) The GST, GST-ABwt or GST-ABmut was coated on a
40 pmol). The DNA–protein complex was detected by ELISA. Each error bar
The mutated full-length molecule loses its preference to

bended DNA

The same mutations described above were introduced
into a full-length HMGB1 molecule (GST-FLwt) to gener-
ate the GST-FLmut construct (see Fig. 1B). The binding of
the GST-FLmut with the linear DNA is stronger than that
of the GST-FLwt (Fig. 4A), but the GST-FLmut and the
GST-FLwt showed a similar interaction with the 4WJs
DNA (Fig. 4B). More importantly, the binding between
the GST-FLwt and the linear DNA could be effectively
competed by the 4WJs DNA, while the binding between
the GST-FLmut and the linear DNA could not be com-
peted by the 4WJs DNA with the same effectiveness
(Fig. 4C). These data suggested that the lack of interaction
between the AB boxes and the C-tail led to the loss of pref-
erence of the full-length HMGB1 to the 4WJs DNA.

Discussion

The HMGB1 contains a 30 amino acid long acidic tail
that is a continuous array of aspartic acid and glutamic
acid residues. This unique sequence is conserved in
HMGB1 molecules of different species, ranging from
d its DNA binding capacity. (A) The ABwt or ABmut was incubated with
s were separated by electrophoresis on 12% SDS–PAGE and visualized by
96-well plates and incubated with the biotinylated linear DNA (5, 10, 20 or
represents means ± SD of six measurements.



Fig. 4. The full-length mutant bound equally well to the 4WJs DNA and the linear DNA. (A) GST, GST-FLwt or GST-FLmut was coated on a 96-well
plates and incubated with biotinylated linear DNA (5, 10, 20 or 40 pmol). The DNA–protein complex was detected by ELISA. (B) The GST, GST-FLwt
or GST-FLmut was coated on a 96-well plates and incubated with the biotinylated 4WJs DNA (5, 10, 20 or 40 pmol). The DNA–protein complex was
detected by ELISA. (C) The GST, GST-FLwt or GST-FLmut was coated on a 96-well plates and incubated with 40 pmol biotinylated linear DNA. 0, 1 or
4 times of the non-biotinylated 4WJs DNA was added as competitors. The DNA binding level was detected by ELISA. Each error bar represents
means ± SD of six measurements.
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human, mouse, chicken, Xenopus to fish. The phylogenetic
conservation of the acid tail suggests a very important role
it playing in HMGB1’s function. This type of sequence can
be found mainly in HMG family proteins. Outside of the
HMG family, the similar sequence arrangement also
appears in a few DNA binding proteins of certain species.
However, those sequences are not conserved across differ-
ent species [16–18].

We proposed here a novel model for the function of the
acidic tail. In this model, the tail folds back to the N-termi-
nal part of the protein, serving as a lid to cover the DNA
binding domains. It functions as a guard only allowing
the DNA with special structure to access the DNA binding
domains. This feature dramatically increased the DNA
binding specificity of the whole protein, so that HMGB1
will not be occupied by linear DNAs in the nucleus.

This model can explain two unique aspects of the acidic
tail. First, the acidic tail binds to the same AB Boxes as the
DNA do, so a continuous array of acidic residues is needed
to resemble the negative charges of the DNA backbone.
Second, the tail interacts with multiple residues in the AB
Boxes. Since the sequence of the AB Boxes is highly con-
served, the tail’s sequence has to be conserved due to
restrictions posted by the intra-molecular interactions.
From the NMR data published in 2004 [12], we knew that
residues N92 and A93 in the B Box form contacts with the
C-tail. From a later published NMR structure of a complex
of tandem HMG Boxes and DNA, we also knew that res-
idues K95 and R96 are crucial for DNA binding [19]. In the
B Box, the binding sites for the C-tail and the DNA are
separated by only one residue. This can explain the compe-
tition observed between the C-tail and the 4WJs DNA for
ABwt binding. It can also explain the fact that we can have
mutations in the B box that abolished its binding to the
C-tail while maintained its binding to DNAs.

Besides the intra-molecular interactions proposed here,
the HMGB1 tail may also be involved in inter-molecular
interactions, e.g., with the core histone H3 [20], and the
TATA-binding protein (TBP) [4]. Actually, the inter- and
intra-molecular interactions are not mutually exclusive.
In our model, the tail forms intra-molecular interactions
with the N-terminal part of the protein before the HMGB1
protein binds to DNAs, increasing the DNA binding spec-
ificity of the HMG boxes. Once the HMGB1 protein binds
to its target DNA, the tail is released from the intra-molec-
ular interactions and is free for interactions with other pro-
teins. This type of arrangement may help to direct
transcription factors to their functional sites.
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