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a b s t r a c t

Interactions between the nucleosome and the non-histone chromosomal proteins (HMGN1 and HMGN2)

were studied by circular dichroism (CD) spectroscopy to elucidate structural changes in the nucleosome

induced by HMGN binding. Unlike previous studies that used a nucleosome extracted from living cells, in

this study we utilized a nucleosome reconstituted from unmodified recombinant histones synthesized

in Escherichia coli and a 189-bp synthetic DNA fragment harboring a nucleosome positioning sequence.

This DNA fragment consists of 5′-TATAAACGCC-3′ repeats that has a high affinity to the histone octamer.

A nucleosome containing a unique octamer-binding sequence at a specific location on the DNA was

produced at sufficiently high yield for spectroscopic analysis. CD data have indicated that both HMGN1

and HMGN2 can increase the winding angle of the nucleosome DNA, but the extent of the structural

changes induced by these proteins differs significantly. This suggests HMGN1 and HMGN2 would have

different abilities to facilitate nucleosome remodeling.
C© 2013 The Authors. Published by Elsevier B.V. on behalf of Federation of European Biochemical

Societies. All rights reserved.
. Introduction

An octameric protein consisting of four core histones, H2A, H2B,

3, and H4 (two copies each) is a reel around which 147-base pairs

bp) of DNA is wrapped in an 1.7 left-handed superhelical turn

1,2]. This histone–DNA complex, which is referred to as the nucleo-

ome, serves as the basic repeating unit to effectively package whole

enomes into the cell nucleus of eukaryotic cell in the following steps.

irst, the form of nucleosomes in a column causes a structure like

eads on a string, namely, the 10-nm fiber because the nucleosomes

re 10-nm in diameter. In a gene, the formation of this chromatin

ber causes repressing processing, preventing nuclear proteins such

s transcriptional factors access to DNA [1,2]. Second, this fiber coils

r is folded into a thicker fiber, the so-called solenoid that is 30-nm

n diameter, in the DNA packaging. Finally, the solenoid is packaged
� This is an open-access article distributed under the terms of the Creative Com-

ons Attribution-NonCommercial-No Derivative Works License, which permits non-

ommercial use, distribution, and reproduction in any medium, provided the original

uthor and source are credited.

Abbreviations: HMG, high mobility group; HMGN1 HMGN2, non-histone chro-

osomal proteins; CD, circular dichroism; PCR, polymerase chain reaction;

hH2A, phH2B, phH3, and phH4, vectors for the gene expression of all four re-

ombinant human core histones H2A, H2B, H3, and H4, respectively; LB, Luria–Bertani;

PTG, isopropyl-β-d-galactopyranoside; RP-HPLC, reverse phase high performance liq-

id chromatography; SDS–PAGE, sodium dodecyl sulfate polyacrylamide gel elec-

rophoresis; MNase, micrococcal nuclease; NMR, nuclear magnetic resonance
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in a highly compacted state of chromatin and in chromosome. Re-

cent studies have revealed that there are several types of protein

complexes that can alter the repressive nature of the chromatin fiber

[3]. One such family of factors functions by covalently modifying the

histone tails through phosphorylation, acetylation, and methylation

[4,5]. Second group of factors is comprised of multi-protein com-

plexes that mobilize and/or alter the structure of the nucleosome [6].

In addition to these chromatin remodeling factors, the high mobility

group (HMG) proteins have been identified as a heterogeneous class

of non-histone proteins that modulate the structure of the DNA in the

chromatin fiber [7,8]. The HMGN subgroup of the HMG proteins in-

cludes the only known class of nuclear proteins that bind specifically

to the nucleosome core particle.

Non-histone chromosomal HMGN proteins are abundant and

ubiquitous in all higher eukaryotes [7,9–11]. Two structurally similar

proteins, HMGN1 and HMGN2, are well known members of the HMGN

protein family. They were formerly referred to as HMG-14 and HMG-

17, respectively [12]. These HMGN proteins bind specifically to the

nucleosome core particles without any specificity for the underlying

DNA sequence [13]. These two proteins bind cooperatively to nucle-

osomes to form complexes containing homodimers of either HMGN1

or HMGN2 [14]. In the chromatin fiber, nucleosomes form clusters

containing HMGN2 [15]. It has been suggested that the highly com-

pacted structure of chromatin is unfolded in the HMGN2-containing

regions, thus relaxing its suppressive architecture. Actually, multiple

distinct foci containing either HMGN1 or HMGN2 are found in the

nucleus [15], and the intranuclear distribution of the foci is shown to

be similar to that of active transcription sites in cells [16,17]. Thus,
f European Biochemical Societies. All rights reserved.
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the binding of HMGN proteins to nucleosomes unfolds the higher-

order chromatin structure to enhance DNA-dependent activities such

as transcription [18–20] and replication [21]. Chromatin unfolding

is facilitated by specific interactions between the C-terminal part of

HMGN1 protein and the N-terminal tail of histone H3, and also be-

tween the N-terminal part of HMGN1 and histone H2B [22]. Recent in-

vestigations have also revealed that the transcriptional co-activators

such as p300 and PCAF acetylate HMGN1 and HMGN2 proteins to

reduce the nucleosome binding activities of these HMGN proteins

[23–25]. Modifications carried out by these co-activators apparently

serve to regulate some gene expressions by altering the higher-order

structure of chromatin through the control of HMGN protein binding

[23–28].

Several earlier studies regarding the interactions of HMGN pro-

teins with nucleosomes (HMGN–nucleosome interactions) have been

carried out [29–32]. These works have proposed the following in-

sights into the effect of HMGN binding to nucleosomes: HMGN bind-

ing stabilizes the nucleosome core particle against thermal denatur-

ing [30,31] and increases the winding angle of the underlying DNA

[29,32] by disrupting the highly ordered chromatin structure. How-

ever, in these previous studies, histone proteins were extracted from

living cells. In living cells, the histones are subjected to a variety of

post-translational modifications including acetylation, phosphoryla-

tion, methylation, ubiquitination, and ADP-ribosylation, all of which

are tightly related to cell functions [1,33]. These modifications are

known to affect the biophysical properties of chromatin [34–37]. Ac-

tually, as noted by Levenstein and Kadonaga [38] and Luger and co-

workers [39], the histones from living cells give multiple and/or broad

mass spectra peaks showing masses that are larger than the values

calculated from their amino acid sequences. Therefore, the possibility

that the use of nucleosomes consisting of heterogeneously modified

histones causes unpredicted effects on the HMGN–nucleosome in-

teractions has remained. In the present work, we intended to obtain

definitive results on the HMGN–nucleosome interactions using prop-

erly prepared samples for spectroscopic experiments. We therefore

started with reconstitution of the nucleosome from the unmodified

human histones synthesized in Escherichia coli, as well as from 189-bp

PCR-amplified double stranded DNA fragments harboring the nucleo-

some positioning sequence. The sequence consisting of the repeating

motif: 5′-TATAAACGCC-3′, which is known as a high-affinity sequence

for the octameric protein, was used to construct a nucleosome having

a uniquely positioned histone octamer along its DNA, without the aid

of nucleosome remodeling factors [40–44]. The reconstituted nucle-

osome allows us to perform a fine analysis of the HMGN–nucleosome

interactions by use of circular dichroism (CD) spectroscopy. Conse-

quently, it is our interest here to explore whether the binding of

the HMGN proteins to the nucleosome could intrinsically provide

an increase of the winding angle of the underlying DNA: the DNA

is wrapped tightly on the histone octamer. This result enables us to

definitively determine the difference between the structural change

of nucleosome induced by HMGN1 and that of HMGN2 in the organi-

zation or formation of the HMGN–nucleosome complexes.

2. Materials and methods

2.1. Plasmid construction for the synthesis of human core histones in E.

coli

The four core histone genes comprising a gene cluster [45,46]

were amplified by the polymerase chain reaction (PCR) using the

genomic DNA extracted from HeLa cells. In order to amplify each

histone gene, two primers were prepared. In one primer that has the

5′ end sequence of gene, an NdeI restriction site was incorporated

with the initiating Met codon, as summarized in Table 1A. In the

other primer that has the complementary sequence of the 3′ end of

the gene, an XhoI site was added to the sequence, except for an H3
primer, as summarized in Table 1B. In the H3 primer, a BamHI site

was added to the sequence, as summarized in Table 1C. The amplified

DNA fragments of H2A, H2B and H4 were digested with NdeI and

XhoI enzymes, whereas the fragment of H3 was digested with NdeI

and BamHI enzymes. The products were inserted into the NdeI/XhoI

and NdeI/BamHI sites of pET-22b (Novagen), respectively, to create

vectors (phH2A, phH2B, phH3, and phH4) for the gene expression of

all four recombinant human core histones. The histone genes in each

of the resulting plasmids were sequenced to confirm their integrity.

2.2. Expression and purification of human core histones

Each of the expression vectors was introduced into the BL21(DE3)

strain of E. coli. The BL21 cells containing the recombinant plasmid

were grown at 37 ◦C until OD600 reached 0.6–1.0 in Luria–Bertani

(LB) medium. Induction was carried out for 5 h at 37 ◦C with 0.4 mM

IPTG. Cells were harvested by centrifugation and frozen with liquid

nitrogen. The frozen cells were resuspended in a wash buffer (300

mM NaCl, 50 mM sodium phosphate, pH 7.8). The suspension was

kept on ice for 5 min and then subjected to repeated vigorous shaking

and sonication with full output for 60 s. The membrane-containing

pellet was collected by centrifugation (30,000g at 4 ◦C for 30 min),

and the supernatant was discarded. The pellet was resuspended in

ice-cold desalting buffer (50 mM sodium phosphate, pH 7.8), and the

supernatant was removed by centrifugation (20,000g at 4 ◦C for 20

min). The pellet containing inclusion bodies of histone protein was

resuspended in a freshly prepared unfolding buffer (8 M urea, 50 mM

sodium phosphate, pH 7.8) with the help of a short application of

sonication for disrupting the pellet at room temperature. High-grade

urea from ICN Pharmaceuticals, Inc. was used. The insoluble material

in the urea solution was removed by centrifugation (20,000g at 25 ◦C

for 10 min). The supernatant was applied onto an SP-Sepharose (GE

Healthcare) ion-exchange column pre-equilibrated in the unfolding

buffer, 8 M urea in 50 mM sodium phosphate buffer, pH 7.8. The hi-

stone proteins were eluted with a salt gradient from 0 to 1 M NaCl.

The collected histones were further purified by reverse phase chro-

matography with the POROS R1/M column (4.6 × 100 mm, Applied

Biosystems). Elution was performed using linear gradients of ace-

tonitrile (0–100% in 10 min) in water containing 0.1% trifluoroacetic

acid. The elution profile was monitored at 215 nm absorbance. The

collected histone solution was extensively dialyzed against H2O then

lyophilized for long term storage. Protein purification was checked

by 20% SDS–PAGE gels [47,48].

2.3. Preparation of human histone octamer

The preparation of refolded histone octamer was accomplished

according to the method by Luger et al., with slight modification

[39,49]. The lyophilized histone proteins were dissolved in 20 mM

sodium acetate buffer, pH 5.2, containing 7 M urea, 0.2 M NaCl, 5

mM 2-mercaptoethanol, and 1 mM EDTA. The dissolved histone solu-

tion was kept at room temperature for 30 min. The concentration

of each histone protein was adjusted to 1.0 × 10−4 M (see also

Section 2.11). This histone mixture was dialyzed against a refold-

ing buffer, 10 mM Tris–HCl, pH 7.4, containing 2 M NaCl, 5 mM 2-

mercaptoethanol, 1 mM EDTA at 4 ◦C. The dialyzed protein mixture

was concentrated to 5.0 × 10−4 M using a 10-kDa cutoff Centriprep

device (Millipore). Insoluble material was removed by centrifugation.

The refolded octamer was separated from the misfolded components

by size-exclusion chromatography on a Superdex-200 column (15 ×
750 mm, GE Healthcare) equilibrated with refolding buffer. The col-

lected fractions were subjected to SDS–PAGE to identify the desired

fractions.
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Table 1

PCR primer sequences.

name DNA sequence

A

H2A-NdeI agatagccatatgtctggtcgcggcaaac

H2B-NdeI agatagccatatgccagagccagcgaag

H3-NdeI agatagcatatggctcgtactaaacagac

H4-NdeI agatagccatatgtccggcagaggaaag

B

H2A-XhoI agatagctcgagtcactttcccttggccttatg

H2B-XhoI agatagctcgagttacttagcgctggtgtac

H4-XhoI agatagctcgagctagcctccgaagccg

C

H3-BamHI atataggatccttacgctctttctccgcg

D

Tetrad-EcoRI ggaattcagatcttcctgggaaaaccctggcgaggtc

Tetrad-BamHI taggtgggatcccgagctgtttcctgtgtgaagac

Tetrad-1 aaaaccctggcgaggtctataagcgtctataagcgtctatgaacgtctataaacgtctataaacgcctataaacgcctataaacgcctatacaag

Tetrad-2 ctgtttcctgtgtgaagacgtgtatagtcgtgcatagacgtgtataggcgtttataggcttgtataggcgtttatagg

E

N1-NdeI agatagcatatgcccaagaggaaggtc

N1-BamHI atataggatccttattaatcagacttggcttc

N2-NdeI agatagcatatgcccaagagaaaggc

N2-BamHI atataggatcctcacttggcatctccag
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.4. Preparation of the high-affinity DNA fragment

A 189-bp synthetic DNA fragment having a nucleosome-

ositioning sequence consisting of the consensus repeat sequence

ATAAACGCC [44] was constructed by using the primer overlap ex-

ension method. In the method, PCR primers were as summarized in

able 1D. The synthetic fragment was generated from an equimolar

ixture (2.5 μM for each histone) of the four overlapping oligonu-

leotides shown above plus dNTPs (250 μM) in a buffer optimized

or KOD DNA polymerase (Toyobo). After the addition of the DNA

olymerase, the following amplification protocol was applied: heat-

ng at 94 ◦C for 30 s, annealing at 52 ◦C for 30 s and elongation at 72

C for 60 s, and 30 cycles. The resulting DNA fragment was digested

ith EcoRI and BamHI enzymes, and then inserted into the pUC18

ector for a large-scale preparation. This vector was designated as

he pUC18-tetrads. The inserted DNA sequence was confirmed us-

ng the forward and reverse pUC/M13 universal primers. In order to

erform CD experiments, the TATAAACGCC repeat fragment in the

UC18-tetrads was amplified by the KOD polymerase under the fol-

owing conditions: heating at 94 ◦C for 30 s, annealing at 62 ◦C for

0 s and elongation at 72 ◦C for 60 s, and 33 cycles using the primers

etrad-EcoRI and Tetrad-BamHI. The PCR product was collected by

sopropanol precipitation and was further purified by ion-exchange

hromatography using a POROS HQ/20 HPLC column (Applied Biosys-

ems).

.5. Reconstitution of nucleosome core particles

The reconstitution of nucleosome from the constructed histone

ctamer, as well as from the DNA fragment containing the high-

ffinity sequence was accomplished by using the exponentially gra-

ient dilution method, according to a previously described [39,49]

ith slight modifications. Recombinant histone octamer was mixed

ith equimolar amounts of the synthetic TATAAACGCC repeat frag-

ent in ice-cold TE buffer (10 mM Tris–HCl (pH 7.5), 0.1 mM EDTA)

upplemented with 2 M NaCl (see also Section 2.11). The mixture was

ept on ice for 10 min and then transferred into dialysis bags with a

olecular weight cutoff 3.5-kDa. The sample mixture was dialyzed

gainst a 100-fold excess of TE buffer supplemented with 0.4 M NaCl.

he dialysis buffer was changed twice every 3 h at 4 ◦C. The sample

ixture was then further dialyzed against a 100-fold excess of TE

uffer with 16 mM NaCl for another 10 h. The dialyzed nucleosome

ore particle solution was concentrated to the desired concentration
using a 50-kDa cutoff filtercup.

2.6. Plasmid construction for the synthesis of human HMGN1 and

HMGN2 proteins

HeLa cells were cultivated in Dulbecco’s modified minimum es-

sential medium supplemented with 10% fetal calf serum in order to

isolate HMGN RNAs. Cultures were maintained at 37 ◦C in a 5% CO2

atmosphere. Total RNA was extracted from 1 to 5 × 106 frozen HeLa

cells, then the mRNA was purified using a Quick Prep Micro mRNA

Purification Kit (GE Healthcare). The cDNA was synthesized using a

First-Strand cDNA Synthesis Kit (GE Healthcare) with the extracted

mRNA as template. The HMGN1 and HMGN2 genes were amplified

from the cDNA by PCR. In the primers, an NdeI restriction site was

incorporated with the initiating Met codon of the gene, as well as a

BamHI site is added to the complementary sequence of the 3′ end of

the gene, as summarized in Table 1E. The PCR products were digested

with NdeI and BamHI enzymes. Vectors for the gene expression of

HMGN were created by the insertion of each fragment into pET-22b

(Novagen) that was previously digested with NdeI and BamHI. The

HMGN genes in the resulting plasmids (phHMGN1 and phHMGN2)

were sequenced to confirm their integrity.

2.7. Expression and purification of the human HMGN1 and HMGN2

proteins

Each of the vectors for expressing HMGN genes was introduced

into the BL21(DE3) strain of E. coli, and then the gene expression was

induced by 0.4 mM IPTG when OD600 reached 1.0 after shaking at 37 ◦C

in LB medium. After the induction, the culture was continued for an-

other 7 h at 37 ◦C to produce the protein in cells. Cells were harvested

by centrifugation and frozen with liquid nitrogen. Purification of the

protein was performed according to essentially the same method de-

scribed before [50]. The culture broth was centrifuged at 5000g for

20 min and the obtained pellet was resuspended and lysed by vig-

orous vortexing in a phosphate-buffered saline solution containing

0.1% Triton X-100 and 1 mM PMSF. An equal volume of cold 10% per-

chloric acid was added and the mixture was incubated on ice for 15

min with occasional vortexing. The materials precipitated by the acid

were removed by centrifugation and the remaining soluble proteins

were further precipitated by adding 100% (w/v) trichloroacetic acid to

25% final concentration. The recombinant HMGN1 was purified from
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the crude precipitate by anion exchange chromatography with a Q-

Sepharose (GE Healthcare) column employing a NaCl gradient, of 10

mM to 1 M NaCl in 20 mM Tris–HCl buffer pH 8.2. On the other hand,

HMGN2 protein was purified by cation exchange chromatography us-

ing an SP-Sepharose column with 20 mM to 1 M NaCl in sodium bicine

buffer, pH 8.0. The HMGN proteins were further purified by reverse

phase chromatography using a POROS R1/M perfusion chromatogra-

phy column (4.6 × 100 mm, Applied Biosystems). Purification was

performed using a linear gradient of acetonitrile (0–100% in 10 min)

in 0.1% trifluoroacetic acid. The sample was subjected to extensive

dialysis against H2O and then frozen and lyophilized. The purified

proteins were analyzed by electrospray ionization (ESI) MS. Protein

purification was monitored by 15% SDS–PAGE [35] and 15% acid–urea

PAGE [48].

2.8. Electrophoretic mobility shift assay

The DNA and nucleosome were analyzed on nondenaturing gels

containing 4% acrylamide, 0.1% bisacrylamide, 0.5% glycerol, and TAE

buffer (40 mM Tris–acetate, 1mM EDTA). Samples were mixed with

the sample buffer containing TAE at the same concentration as in

the gel plus 25% glycerol. Gels were stained with ethidium bromide

and placed on the surface of a Vilber Lourmat TFX-20MC ultraviolet

transilluminator (France) to photograph the results.

2.9. Micrococcal nuclease digestion

The micrococcal nuclease (MNase, Affymetrix) digestion was per-

formed by adding five units of MNase/μl of the reconstituted nucle-

osome solution containing 3 mM CaCl2. The reaction time was set to

2, 5 and 10 min at 25 ◦C and stopped by the addition of SDS, and

then the samples were subjected to ethanol precipitation. The sam-

ples were dissolved in H2O and were mixed with 6 x loading buffer

(30% Glycerol, 30 mM EDTA, 0.03% bromophenol blue, 0.03% xylene

cyanol) with 1/5 volume of DNA solution. The resulting DNA frag-

ments were resolved by 6% native polyacrylamide (20:1 acrylamide/

bisacrylamide) gel electrophoresis at 110 V with 0.5 × TBE (45 mM

Tris–HCl pH 7.4, 45 mM boric acid, 1 mM EDTA) as elution buffer.

After elution, the gel was submerged in staining solution (0.5 μg/ml

ethidium bromide in 1 × TBE) for 20 min. Gel photographs were

taken with the Vilber Lourmat TFX-20MC ultraviolet transilluminator

and analyzed with EDAS290FF (Kodak).

2.10. Circular dichroism spectra measurement for nucleosome and

HMGN–nucleosome complexes

CD spectra were recorded with a Jasco J-720 spectrophotometer.

The spectra were measured for the octamer sample at the concen-

tration of 10 μM in TE buffer, pH 7.5, 2M NaCl. For the nucleosome

and the HMGN–nucleosome complexes, the nucleosome concentra-

tion was 1.0 μM in TE buffer, pH 7.5, 16 mM NaCl. All measurements

were done at 25 ◦C using a 0.1-cm path length quartz cuvette. Each

spectrum was obtained from eight scans in wavelength ranges from

190 nm to 320 nm, keeping the scanning rate at 100 nm/min.

2.11. Determination of protein and DNA concentrations

The extinction coefficient of the histone octamer was assumed to

be ε280 = 48,900 cm−1 M−1 (0.45 cm2 mg−1) [51] to calculate the

ellipticity for circular dichroism analysis. The extinction coefficient

at 276 nm of each unfolded histone protein was calculated according

to the method of Gill and von Hippel [52], yielding H2A, 3870; H2B,

5950; H3, 4720; and H4, 5180 M−1 cm−1. The extinction coefficients

at 220 nm for HMGN proteins were determined by the quantitative

amino acid analysis, yielding HMGN1, 6550; and HMGN2, 5900 M−1

cm−1. The experimental procedure for this purpose is described here
briefly. First, the absorbance at 276 or 220 nm for the sample to be

analyzed was measured. Then 30 μl of sample solution was trans-

ferred to a vacuum hydrolysis tube (Pierce) together with 100 μl of

constantly boiling HCl. The tube was sealed under vacuum and placed

at 110 ◦C for 24 h. The hydrolysis mixture was dried under vacuum.

In addition to running standard amino acids to calibrate the elution

profile, three control experiments were performed to correct the pro-

file for background. The amino acid content of each sample was used

to calculate its concentration based on the amino acid composition of

histone proteins, and this, along with the absorbance of the original

sample at 220 nm, was used to calculate the extinction coefficients.

The molar extinction coefficient (ε260) of the DNA fragment was cal-

culated from the sequence using the following constants: dA, 15,300;

dC, 7400; dG, 11,500; and dT, 8700 M−1 cm−1. The ε260 value of the

189-bp double strand DNA was thus 4,190,400 M−1cm−1. The circular

dichroism data were expressed in terms of mean residue ellipticity,

[θ].

3. Results

3.1. Purification of human histone proteins and formation of octameric

protein

The human histone genes used in the present work were obtained

from a gene cluster [45,46] containing at least one copy of each histone

gene in HeLa cells. Each of the expression vectors was introduced into

E. coli cells. The purification procedures for bacterially synthesized

histone proteins from Xenopus laevis [39], Saccharomyces cerevisiae

[53,54], and Drosophila melanogaster [38] have been reported. Our

purification process was essentially the same as described in these

works, with a slight modification, to completely remove contamina-

tion by reverse phase (RP) HPLC. The human histone proteins were

purified by ion-exchange chromatography in the presence of urea

followed by RP-HPLC. Typically, 3.0–15 mg of each histone protein

was obtained from 1 L culture of LB medium. To examine the sam-

ple homogeneity, each purified sample was subjected to mass anal-

ysis with ESI mass spectroscopy. The observed molecular weight of

each protein was consistent with the value deduced from the amino

acid sequence within 10 mass units, confirming the absence of any

chemical modification to the recombinant histones. The N-terminal

methionine added due to the plasmid construction was not present

in the final polypeptides.

The histone proteins were refolded using a stepwise dilution of

urea in the dialysis buffer to create the octameric protein, as re-

ported in a earlier paper [49]. The resultant histone octamer mixture

was further purified by size-exclusion chromatography. The properly

folded histone octamer was separated from the misfolded histone

aggregates. Fig. 1A shows the elution profile of size-exclusion chro-

matography, in which two distinct peaks can be seen. The SDS–PAGE

analysis of each fraction using a 20% polyacrylamide gel shows the

faster eluant included all four kinds of histone proteins, while the

slower one contained only the H2A–H2B dimer, as shown in Fig. 1B.

The yield of the refolded histone octamer was approximately 50% of

the input material, resulting in a few mg histone octamer.

Fig. 2 shows the circular dichroism spectrum of the histone oc-

tamer in a solution having a high salt concentration, 2 M NaCl. Under

such condition, the histone octamer exists as a stable entity [55,56].

The histone octamer shows a strong negative band around 209 nm

and 222 nm, which indicates a high α-helix content of histones. These

results show that the histone proteins were properly folded into oc-

tamers. The CD spectrum obtained for the recombinant histone oc-

tamer was essentially identical to those previously reported for the

native histone octamer extracted from chicken erythrocytes [57] and

HeLa cells [51].
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Fig. 1. Purification of recombinant human histone complexes. (A) Gel filtration on a

Superdex-200 column (15 × 750 mm). An aliquot of the concentrate (1 ml) was applied

to a gel-filtration column. The column was developed at the flow rate of 0.3 ml/min,

and 1 ml fractions were collected. The peak fractions (40–42, 47–49) were analyzed by

SDS–PAGE. (B) Analysis of proteins by SDS–PAGE under reducing conditions on a 20%

gel. The protein was stained with Coomassie Brilliant Blue R-250.

Fig. 2. CD spectrum of the human histone octamer. The human histone octamer in 2

M NaCl, 0.1 mM EDTA, 10 mM Tris–HCl (pH 7.5).
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Fig. 3. Nucleosome reconstitution on the TATAAACGCC repeat sequence. Lane 1, salt-

induced nucleosome reconstitution mixture; Lane 2, free probe DNA. The reconstituted

products were subjected to 4% native PAGE.
.2. Reconstitution of the recombinant nucleosome core particle

In order to construct the nucleosome core particle harboring

niquely located core histones on the DNA without using nucleosome

emodeling factors, a 189-bp DNA fragment with a sequence consist-

ng of the repeated 10-bp “TATA-tetrad” sequence of 5′-TATAAACGCC-
′ [44] was used. This repeated sequence was originally identified

rom a mouse genomic DNA library. It was found to position a nu-

leosome core particle with very high affinity, ∼350-fold higher than

hat of a random sequence [42,43]. This repeat sequence is known to

unction as a nucleosome positioning signal [41–43]. In the present

ork, the DNA fragment was obtained by PCR amplification from a

lasmid that included the pre-cloned desired DNA sequence. Typ-

cally, 10−9 mol of DNA fragment was obtained from a large-scale
preparation (30 ml) by PCR. The nucleosome was reconstituted from

the mixture of the high affinity DNA sequence and the reconstituted

histone octamer. The buffer exchange from high to low ionic strength

is achieved by an exponential gradient for 2 days. The gel mobility

shift assay in Fig. 3 shows the nucleosome was formed.

Rotational positioning, which refers to the orientation of the DNA

relative to the surface of the histone octamer, is generally charac-

terized by nuclease digestion or hydroxyl radical footprinting. The

rotational positioning of the high affinity repeat sequence to the hi-

stone octamer from living cells has been previously characterized by

hydroxyl radical footprinting and MNase digestion [44]. These exper-

iments have shown that the repeat sequence is capable of positioning

a nucleosome core particle with a unique translational position. Fig.

4 shows the result of MNase footprinting of our reconstituted nucle-

osome. The periodic MNase cleavage of the DNA can be seen every

10-bp within the central 147-bp of the nucleosome core particle. This

periodic cleavage was not observed outside of the central 147-bp. In

this footprinting result, the nucleosome was confirmed to be properly

reconstituted with unique rotational positioning.

The reconstituted nucleosome was further characterized by CD

spectroscopy. Fig. 5A compares the CD spectra of the nucleosome

core particle and the free high-affinity sequence DNA. The CD spec-

trum of DNA has a characteristic positive band above the 260 nm

region. The intensity of this positive band has been well character-

ized as being sensitive to the winding angle of the duplex [58,59].

As shown in the expanded spectra above 260 nm, Fig. 5B, the inten-

sity of the positive DNA band decreased upon its wrapping around

the octamer, meaning that the winding angle in the DNA duplex was

increased in the process of nucleosome formation. This result was
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Fig. 4. MNase cleavage analysis of the nucleosome core DNA. Aliquots of the reconsti-

tuted nucleosome sample used in the native PAGE analysis (Fig. 3) were characterized

by MNase cleavage analysis, in which each nucleosome sample was partially digested

with three different incubation times. Lane 1, 2 min; Lane 2, 5 min; Lane 3, 10 min.

Protein was removed from the reaction products, and the resulting DNA fragments

were resolved by 6% native PAGE and visualized by staining with ethidium bromide.

Fig. 5. CD spectra of human recombinant nucleosome core particles. (A) The human

recombinant nucleosome core particle (thick line) and the naked DNA (thick dashed

line). (B) An enlarged view of the near UV region portion of A.

Fig. 6. SDS–PAGE analysis of recombinant human HMGN proteins. (A) HMGN1 and

(B) HMGN2 under reducing conditions on a 15% gel. The proteins were stained with

Coomassie Brilliant Blue R-250.
consistent with reports on the nucleosome harboring the histones

from chicken erythrocytes [57] and calf thymus nucleus [30,31]. From

these characterizations, we concluded that large-scale preparation of

nucleosomes in mg quantity could provide properly folded particles

to be used in subsequent experiments.

3.3. Purification of human HMGN proteins

The human HMGN genes used in the present work were obtained

from a cDNA, synthesized with the extracted mRNA from HeLa cells.

Each of the expression vectors was introduced into E. coli cells. Our

purification process was essentially the same as describied in the
works [50], with a slight modification, to completely remove con-

tamination by ion-exchange chromatography followed by RP–HPLC.

The SDS–PAGE analysis using 15% polyacrylamide gel shows a single

band, as shown in Fig. 6. Typically, 2.0–3.9 mg of each HMG protein

was obtained from 1 L culture of LB medium.

3.4. CD analysis of structural changes induced by HMGN proteins

We compared the observed spectra for the HMGN/nucleosome

mixture with the mathematical sum of the spectra for the pure

HMGN proteins at the tested concentration plus the pure nucleo-

somes (HMGN+nucleosome). Fig. 7A and B shows the CD spectral

changes caused by binding of HMGN1 and HMGN2, respectively, to

the reconstituted nucleosome. The nucleosomes were mixed with ei-

ther HMGN1 or HMGN2 (up to the molar ratio for HMGN/nucleosome

= 3) in TE buffer (pH 7.5) with 16 mM NaCl. In Fig. 7A and B, the bind-

ing of both HMGN1 and HMGN2 decreased the intensity of the pos-

itive CD band in the region between 265 and 295 nm. The observed

ellipticities [θ] at 280 nm ([θ]280) were 2.9 × 103 deg cm2 dmol−1

(HMGN1/nucleosome = 3), 3.2 × 103 deg cm2 dmol−1 (HMGN2/

nucleosome = 3). Fig. 7C and D shows the dependencies of [θ]280

value on the molar ratio HMGN1/nucleosome and on the molar ra-

tio HMGN2/nucleosome, respectively. The plots for the molar ratio

(HMGN1/nucleosome) from 2 to 3 showed relatively fixed values,

thus the ellipticities for the fully bound forms of the complexes were

safely obtained in the tested region. This result appears to be consis-

tent with the observation that the HMGN protein forms homodimer

on a nucleosome [14]. On the other hand, the reduction of the [θ]280

value was smaller for the nucleosome–HMGN2 complex, compared

to that seen upon HMGN1 binding. Because of the limited sensitivity

for the CD signal in the region, the plotted signal intensities would

contain noises. Thus, such ellipticities for the fully bound forms of the

complexes were not confirmed.

4. Discussion

4.1. Conformational change of the reconstituted nucleosome by binding

HMGN proteins

In the present work, conformational changes of the nucleosome

DNA that are induced by the binding of HMGN1 and HMGN2 pro-

teins were studied. The changes were investigated by using nucleo-

somes that were devoid of any covalent modifications to detect the

intrinsic effect of the HMGN protein binding to nucleosomes. Our re-

constituted nucleosome has the unmodified octameric protein and
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Fig. 7. CD spectra of HMGN–nucleosome core complexes containing recombinant hi-

stones and HMGN. (A) HMGN1-nucleosome; (B) HMGN2–nucleosome. Stoichiometry

is 3 mol of HMGN proteins per mol of nucleosomes. Samples are HMGN/nucleosome

mixture with (thick discontinuous line) and the mathematical sum of the spectra for

the pure HMGN proteins at the tested concentration plus the pure nucleosomes (thick

line). Plot of the mean residue ellipticity [θ] at 280 nm according to the titration of

HMGN1 (C), and HMGN2 (D), proteins.
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he unique DNA sequence that has the potency for the specific po-

itioning of histone core along the DNA [40–44]. Its affinity to the

ctameric protein is approximately 350-fold higher than random se-

uence [40–44]. Therefore, the highly attractive interaction between

nmodified octameric protein and DNA in the reconstituted nucleo-

ome is thought to cause tightly stabilizing the structure of the nucle-

some, implying that its structural change is suppressed more than

hat of the heterogeneously native nucleosome. Considering the bind-

ng of HMG protein to such reconstituted nucleosome, the attractive

nteraction is expected to somewhat suppress the structural change

f DNA induced by binding of HMGN proteins, compared to the native

ucleosome in the previous experiment [29,32].

Conformational changes could be detected by circular dichroism

CD) spectroscopy in the present work. Here, we found that the bind-

ng of HMGN protein to the unmodified nucleosome induced the re-

uction in the positive CD band in the region between 265 and 295

m. In fact, the presently observed CD spectral changes by binding

f HMGN proteins is smaller than those reported in previous works

29,32]. The change of the CD band in this region is known to be

elated to the DNA conformational change [58,59]. Especially, the re-

uction of the CD band in this region indicates an increase in winding

ngles of the DNA duplex [58,59]. Such conformational change of DNA

ppears to stabilize the nucleosome structure. This is thought to be

onsistent with the increased thermal stability of the complexes [29].

.2. Difference between HMGN1 and HMGN2 in Complexes

The binding of two types of HMGN protein to nucleosomes induced

ifferent degree from each other. Considering that the magnitude of

he positive band in the region between 265 and 295 nm decreases

n a linear manner as the duplex winding angle increases [59], the

bserved difference in the CD band reduction in Fig. 7A and B implies

hat HMGN1 induces a tighter winding of the DNA than HMGN2 does.

his in turn suggests that different conformational states of the nu-

leosome DNA are induced by binding of either HMGN1 or HMGN2.

hus, the observed CD spectral changes in Fig. 7A and B indicate that

MGN1 and HMGN2 have different abilities to induce DNA deforma-

ion in nucleosomes.

The affinities of HMGN1 and HMGN2 to the extracted nucleosomes

rom native cells were determined by using gel retardation assays:

he dissociation constants are 1.05 × 10−7 M and 0.44 × 10−7 M for

MGN1 and HMGN2, respectively [14]. Because HMGN2 is expected

o have a higher affinity to the unmodified nucleosome than HMGN1

s well, the lesser reduction of its CD band would not explained by
the difference in their affinities. Therefore, the different structural

changes induced by HMGN1 and HMGN2 should be ascribed to their

different potencies for DNA deformation in the nucleosome. The dif-

ferent potency for affecting the structural changes that accompany

binding of HMGN1 and HMGN2 might be related to the facts that (1)

these proteins bind to nucleosomes to form complexes containing

exclusively homodimers of either HMGN1 or HMGN2 [14] and (2) the

proteins are organized into multiple distinct foci containing either

HMGN1 or HMGN2 in cells [15]. Also, our results are consistent with

the approaches to functionally distinguish between the two Xenopus

laevis HMGN variants [60]. To explain the formation of exclusively

homodimers on nucleosomes, we consider that binding of the first

HMGN protein may cause a specific structural change in the nucleo-

some, leading to preferential recruitment of the second HMGN pro-

tein to form the homodimer. In the present CD analysis, specific details

cannot be deduced regarding changes in the nucleosome structure fa-

cilitated by HMGN binding. However, the differences in the induced

DNA conformations indicated by the present CD data may support a

model of the structural alterations mediated by specific dimer forma-

tion. To gain further insight into the binding modes of HMGN1 and

HMGN2, we will next analyze interactions between HMGN proteins

and the reconstituted nucleosome, which is devoid of any covalent

modification, by NMR spectroscopy [61].

In the present work done with the intention of constructing the

uniquely formed nucleosome particle that includes an attractive in-

teraction between unmodified octameric protein and DNA, we can

detect the induced spectral changes by HMGN binding. Thus, we con-

clude that the binding of HMGN to the nucleosome can definitively

alter its structure. The CD data obtained have indicated that binding

of HMGN1 or HMGN2 increase the winding angle of the DNA in nucle-

osomes, and then the HMGN1 protein might induce tighter winding

of the DNA, compared to the HMGN2.
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