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C-terminal domain of nonhistone protein
HMGB1 as a modulator of HMGB1–DNA
structural interactions
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Abstract. The HMGB1 protein (High Mobility Group protein 1) participates in the formation of functionally significant DNA-
protein complexes. HMGB1 protein contains two DNA-binding domains and negatively charged C-terminal region. The latter
consists of continuous sequence of dicarboxylic amino acids residues. Structural changes in DNA-protein complexes were stud-
ied by circular dichroism spectroscopy (CD) and atomic force microscopy (AFM). Natural HMGB1 and recombinant protein
HMGB1(A + B) lacked negatively charged C-terminal region were used. The DNA–HMGB1(A + B) complexes demonstrate
an unusually high optical activity in 150 mM NaCl solutions. AFM of the latter complexes shows, that at the low concentra-
tion of HMGB1 in the complex the protein is distributed along DNA in a random way. Increase of HMGB1 content leads to
cooperative interaction and a redistribution of the bound protein molecules on DNA is observed. Based on the data obtained we
conclude that protein–protein interactions play a key role in the formation of highly ordered DNA–HMGB1 complexes. It was
shown that C-terminal domain modulate the interactions of DNA with HMGB1 protein. We suggest that the C-terminal domain
of HMGB1 also modulates the “packing” of HMGB1 molecules on the DNA.
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1. Introduction

Structural-functional relationships in chromatin have been studied for many years. Among numer-
ous DNA-protein complexes determining chromatin functioning [4] the most intriguing ones in many
respects are those between DNA and HMGB-domain proteins. HMGB-proteins are the members of a
large family of HMG (High Mobility Group) non-histone chromatin proteins [1,2,11]. Characteristic
feature of the proteins within the HMGB subfamily is the presence of structural-functional domain, with
very unusual DNA-binding properties, called HMGB-domain (HMG-Box) [2]. HMGB-proteins are the
most abundant non-histone proteins found in all studied eukaryotes. The members of the family were
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identified among transcriptional and regulatory factors of chromatin [1,2,11]. The typical representa-
tive of the HMGB-proteins is HMGB1. This protein contains two almost identical HMGB-domains and
C-terminal sequence of 30 dicarboxylic amino acid residues [2]. We expect that the latter negatively
charged sequence affects the manner of protein-DNA interaction. In this study we compared the in-
teraction of two proteins HMGB1 itself and a recombinant protein HMGB1(A + B), containing both
DNA-binding HMGB-domains, but lacking the C-terminal charged sequence.

2. Materials and methods

HMGB1 (MW 26500) isolated from calf thymus as described earlier [3] and recombinant protein
HMGB1(A + B) (MW 19152) obtained in E. coli [8] were used. Calf thymus DNA (Sigma) was char-
acterized as describes earlier [10] and used without further purification. All aqueous solutions were
prepared using double-distilled water. The protein content in the system was described in terms of the
protein to DNA weight to weight ratio (r, w/w), which varied from 0 to 2. In terms of molar ratio of
protein to DNA base pairs R, the w/w ratio r = 1 corresponds to R = 1:40 for HMGB1 and R = 1:29
for HMGB1(A+B). All the complexes were studied in low ionic strength (15 mM NaCl) and high ionic
strength (150 mM NaCl) conditions.

UV absorbance and ECD spectra of the complexes were recorded with a Jasco-715 spectropolarime-
ter (Jasco Corp., Japan) in 1 mm cylindrical quartz cells; concentration of DNA in the samples was
0.3 mg/ml. The detailed description of the spectroscopic approach is given elsewhere [7]. The AFM
images were obtained on mica in a tapping mode with PicoSPM (Molecular Imaging, MO, USA) instru-
ment.

3. Results and discussion

In our previous studies [3] we have shown that depending on HMGB1 to DNA ratio r one can identify
several stages of interaction between HMGB1 and DNA characterized by unique structural reorgani-
zation of the complexes. The most relevant for spectroscopic studies are the complexes with relatively
low protein to DNA ratios, where no aggregation events occur in the solutions. Based on the previous
results, we expect that the mode of interaction between HMGB-domains and DNA is affected by the
negatively charged C-terminal region of HMGB1. If this is true, than the HMGB1–DNA interaction
should also depend on the concentration of the counter-ions in the solution. To check this assumption
we prepared complexes of DNA with intact HMGB1 and with the recombinant protein HMGB1(A + B)
lacking the charged C-terminal sequence. Figures 1–3 show the CD spectra of DNA-HMGB1 and DNA–
HMGB1(A + B) at different protein to DNA ratios r in solutions of low (Fig. 1) and high (Figs 2 and 3)
ionic strength. The CD spectra of the DNA-protein complexes contain two spectral regions divided by
the wavelength λ ≈ 250 nm. One of them is located in the region 200–250 nm and represents spectral
features attributed to optical activity of both DNA and the proteins, while another one, between 250 and
320 nm, corresponds to the optical activity of DNA only.

According to the CD spectra (Fig. 1) the manner of interaction of these two proteins with DNA differs
in the solutions of lower ionic strength. It can be clearly seen (Fig. 1A) that no significant changes
in DNA structure can be observed in the HMGB1–DNA complexes up to r = 0.5 (R = 1:80). In
fact, the CD spectra of the HMGB1–DNA complexes at r < 0.5 demonstrate no significant changes
in the secondary structure of either protein or DNA and can be represented by a simple sum of the CD
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Fig. 1. CD spectra of DNA complexes with non-histone chromosomal protein HMGB1 (A) and recombinant protein
HMGB1(A + B) (B) in 15 mM NaCl at different protein to DNA ratios (r, w/w): 0.1; 0.25; 0.5 and 0.75.

Fig. 2. CD spectra of DNA complexes with non-histone chromosomal protein HMGB1 (A) and recombinant protein
HMGB1(A + B) (B) in 150 mM NaCl at different protein to DNA ratios (r, w/w): 0.25; 0.5 and 0.75.

Fig. 3. CD spectra of DNA complexes with non-histone chromosomal protein HMGB1 (A) and recombinant protein
HMGB1(A + B) (B) in 150 mM NaCl at protein to DNA ratio (r, w/w) r = 1.0.
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Fig. 4. Atomic Force Microscopy images of the complexes between DNA and chromosomal protein HMGB1 (A) and recom-
binant protein HMGB1(A + B) (B) prepared in solutions of 15 mM NaCl at protein to DNA ratio (w/w) r = 0.5. The images
are obtained in a tapping mode on mica.

spectra of the individual components. The higher HMGB1 concentrations induce light scattering in the
solutions indicating the beginning of co-operative stage of interaction [3] resulting in aggregation, which
can be noticed in the spectra corresponding to r = 0.75 (R = 1:60). The situation is different for the
HMGB1(A + B)–DNA complexes (Fig. 1B). Even at r = 0.1, i.e. one protein molecule to ∼290 b.p.
(R = 1:290), the spectra demonstrate strong changes in CD of DNA, indicating that the recombinant
HMGB1(A + B) interacts with DNA easier than its natural analog HMGB1. The first indications of the
formation of large light scattering complexes can be seen at r = 0.25 (R ∼ 1:115) in this case, which
is twice smaller compared to the full-sized HMGB1 (Fig. 1A). This can be explained if one assume
that in the HMGB1(A + B)–DNA complexes both HMGB-domains are able to bind DNA. With some
probability they could bind distant regions of the same DNA molecule or even different molecules of
DNA forming intramolecular clips or intermolecular linkages, which could explain the appearance of
light scattering in the solutions at lower protein concentrations. This idea is illustrated by AFM images,
obtained for the complexes with r = 0.5 (Fig. 4). The HMGB1–DNA complexes (Fig. 4A) have a
condensed central part with rather extent fragments of DNA coming out of it in different directions. This
picture is typical for DNA condensation events and represents the first stage of the formation of larger
DNA-protein complexes. For the HMGB1(A + B)–DNA complexes (Fig. 4B) the picture is different.
From the one hand, there are similar condensed regions of DNA in the complexes, but from the other
hand they are not the central parts of the complexes any more. They are randomly distributed between
highly looped DNA regions. To our opinion, the latter resemble most of all the protein clips on a long
DNA molecule.

If the C-terminal tail of the HMGB1 protein is just a steric hindrance, then increasing ionic strength of
the solvent should not noticeably affect the interaction, and HMGB1(A+B) will bind DNA much easier
than the HMGB1. On the contrary, if the difference is conditioned by the negative charge of the protein
tail, then an increase in the concentration of the counter-ions by an order of magnitude will result in
screening the negative charges of both phosphate groups of DNA and carboxylic groups of the protein.
In such a case the manner of the interaction of HMGB1 and HMGB1(A + B) with DNA should be
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similar. Figure 2 shows the CD spectra of the HMGB1–DNA (Fig. 2A) HMGB1(A+B)–DNA (Fig. 2B)
complexes at moderate protein to DNA ratios (r < 0.75) in presence of 150 mM NaCl. In contrast to
the spectra of the solutions of lower ionic strength (Fig. 1) the CD spectra of the complexes of DNA
with the both proteins give qualitatively similar picture in 150 mM NaCl (Fig. 2). According to the CD
spectra, neither HMGB1, nor HMGB1(A + B) induces serious changes in DNA structure, although they
demonstrate some spectral variations in protein optical activity. The first sign of light scattering in the
solutions in this case can be observed at r = 0.75, i.e. R = 1:60 for HMGB1 and a little earlier than
at R = 1:44 for HMGB1(A + B) complexes. Thus we may conclude that the increasing ionic strength
weakened the HMGB1(A+B) interactions with DNA, and seems to have no effect on the HMGB1–DNA
interaction. The former is quite expected due to the electrostatic nature of the DNA-protein interactions
in general, while the latter is not so clear for the same reason. Most likely the behavior of HMGB1–
DNA systems is more complex than a simple electrostatic effect. It is possible, that the charged tail of
the protein prevented one of the HMGB-domains from the interaction with DNA in solutions with lower
ionic strength. Screening of the tail at higher ionic strength could allow both domains of the protein
to interact with DNA that countervailed the weakening of the interaction of the individual HMGB-
domains. Increasing protein to DNA ratio in the complex induces co-operative binding of the proteins,
which results in an aggregation of HMGB1–DNA complexes, strong light scattering and ψ-type of CD
spectra (Fig. 3A) [5,6]. However, complexes of DNA with HMGB1(A+B) give a very strong CD signal
(Fig. 3B), similar to that of highly ordered DNA structures [9]. The corresponding AFM image is given
in Figure 5. The exact structure of the complex is not very clear from the image, however one can see
that the core part of it is represented by a rod-like complexes approximately 300 × 50 nm.

We do not have enough information to discuss the detailed structural organization of such complexes,
which require additional structural experiments. Nevertheless, we can assume that the formation of these
rod-shaped structures requires higher level of structural order of DNA and protein molecules in the com-
plex. And this level of structural order was achieved in complexes of DNA with HMGB1(A + B), but
not with HMGB1 protein. Perhaps, the reason for that is the steric hindrance of the C-terminal tail of
HMGB1, mentioned above. It is also possible, that the structural order in the complex also requires a

Fig. 5. AFM height trace (A) and phase trace (B) images of DNA-HMGB1(A+B) complexes taken in a tapping mode on mica.
The complexes were prepared in solutions of 150 mM NaCl. Protein to DNA ratio (r, w/w) r = 1.
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higher density of the spatial packaging of the molecules, which is more difficult for the polymer chains
with high density of the charge, even at higher ionic strength. In any case, the presence of highly nega-
tively charged C-terminal sequence in HMGB1 strongly affects its interaction with DNA. This effect de-
pends on the ionic strength of the solution and has a different influence on the different HMGB-domains
of the protein. Thus, we believe that the C-terminal domain of HMGB1 protein might act as a negative
regulator of DNA-protein interaction.
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