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ABSTRACT

We report the global structural alterations in histone H3 proteins induced by lysine-9 mono-, di- and trimethyla-
tion, which are part of the critical post-translational modifications for DNA damage responses, identified
using synchrotron radiation circular dichroism (CD) spectroscopy. Compared with unmodified H3, mono- and
dimethylation increases the number of α-helices and decreases the numbers of β-strands, while trimethylation
decreases the α-helix content and increases the β-strand content. Comparison of the secondary-structure contents
of these histone H3 proteins suggests that the methylation-induced structural alterations occur at residues not only
close to but also distant from the methylated sites. Such global structural alterations may regulate the interactions
of methylated histones with other molecules, such as histone-binding proteins in DNA damage repair processes.
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INTRODUCTION
A nucleosome comprises an octamer of four core histone proteins
(H2A, H2B, H3 and H4) around which 146–147 base pairs of
DNA are wrapped, and it is a basic building block of chromatin in
eukaryotic nuclei [1, 2]. Post-translational modifications of histones,
such as methylation, acetylation, phosphorylation and ubiquitina-
tion, have been shown to play substantial roles in cellular functions,
such as DNA damage repair processes [3–8]. For example, lysine-9
(K9) trimethylated H3 (H3K9me3), which is produced via methyla-
tion of K9-monomethylated H3 (H3K9me1) [9], spreads over tens
of kilobases away from DNA double-strand break (DSB) sites [10],
and it is required for ATM-mediated DNA damage signaling [11].
Further, it is also known that K9 dimethylated H3 (H3K9me2) is

required for BRCA1 and BARD1 retention at sites of DNA damage
and associates with homologous recombination repair [12].

The mechanism of DNA repair processes via post-translational
modifications other than H3K9 methylation has also been studied,
as reviewed in detail elsewhere [8]. Generally, it is assumed that the
dramatic alterations of chromatin structure that occur by post-
translational histone modifications [5] make damaged sites more
accessible for DNA repair proteins [13–15]. However, the structural
changes in chromatin and histones induced by DNA damage
responses (DDRs) in vivo are scarcely reported.

Recently, Izumi et al. investigated the secondary-structure con-
tents of histones extracted from X-irradiated (40 Gy) and unirra-
diated HeLa cells using circular dichroism (CD) spectroscopy and
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found the structural alterations of histones induced by DNA lesions:
an increment of α-helix and a decrement of β-strand structures in
H2A–H2B, and in contrast, a decrement of α-helix and an incre-
ment of β-strand ones in H3–H4 [16–18]. They hypothesized that
post-translational modifications, such as the H3K9 methylation
mentioned above, induced by DDRs alter the steric barrier and/or
electrostatic interaction between modified residues and other resi-
dues; consequently, histone structures are changed. However, cellular
histones are a difficult target for elucidating the structural alteration
mechanisms by which they are modified because these include all
post-translational modifications, such as methylation, acetylation,
phosphorylation and ubiquitination, independently of the effects of
artificial DNA lesions. Hence, to confirm the hypothesis, it is neces-
sary to elucidate the structural alteration mechanism of histones
induced by each modification related to DDRs from the bottom up.

Here, in an attempt to investigate the structural changes in H3
induced by K9 methylation, we measured the CD spectra of
H3K9me1, H3K9me2, H3K9me3 and unmodified H3 (H3K9me0)
recombinant proteins in the ultraviolet (UV) to vacuum-ultraviolet
(VUV) region, which is a wavelength region shorter than about
200 nm, using a synchrotron radiation CD (SRCD) beamline.

CD is defined as the difference between the molar absorption
coefficient for left circularly polarized light (LCPL) and that for
right circularly polarized light (RCPL). CD spectra show suscepti-
bility to the secondary structures of proteins, namely, α-helix, β-
strand, turn and unordered structures. The structural information
obtained from CD spectra is limited in the secondary structural
level compared with that obtained by X-ray crystallography and
nuclear magnetic resonance (NMR), which provide atomic-level
structures. Nevertheless, CD spectroscopy, especially when using
SRCD beamlines [19], is a powerful tool because it can provide us
with structural information about proteins more easily than X-ray
crystallography and NMR, owing to some notable advantages over
these experimental methods [19]. For example, samples can be eas-
ily prepared by dissolving proteins in a solvent; that is, crystalliza-
tion and isotopic substitution are not required. In addition, the
required amount of sample is smaller than that used in X-ray crystal-
lography and NMR, and therefore, CD spectroscopy is suitable for
measurements of scarce proteins, such as modified histones.

Here, using SRCD spectroscopy, we are able to report the first
observation of global structural alterations in histone H3 proteins
induced by K9 methylation.

MATERIALS AND METHODS
Sample preparation

Recombinant Xenopus laevis unmodified and K9 methylated H3 pro-
teins (purity > 98%) were purchased from Merck Millipore (prod-
uct number 14-411; Billerica, MA, USA) and Active Motif [product
numbers 31211 (H3K9me1), 31212 (H3K9me2), and 31213
(H3K9me3); Carlsbad, CA, USA], respectively. These samples
demonstrated a single band in sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) analyses (Fig. S1 in supple-
mental information); therefore, they were used without further
purification. Each sample was dissolved in 25 mM sodium phos-
phate buffer supplemented with 250 mM sodium fluoride (pH 8.6

at 25°C). Sodium fluoride was added to decrease electrostatic inter-
actions among proteins and diminish the aggregation of H3 during
measurements, because it is known that H3 slowly aggregates in
sodium phosphate buffer [20]. The final concentration of each his-
tone protein was 65 μM (1 mg/ml).

In this work, methylated H3 proteins whose K9 residues were
replaced by aminoethylcysteine residues were used to have precise con-
trol over the site and degree of methylation [21]. Aminoethylcysteine
is chemically and structurally similar to lysine [22]. Hence, histones
containing methylated aminoethylcysteine are often used as an alterna-
tive for lysine-methylated histones to study, for example, the effect of
methylation on nucleosome and chromatin structure [23] and the
binding affinities between lysine-methylated histones and various
histone-binding proteins [24]. Further, Timms et al. reported that
the CD spectrum of N-acetylneuraminic acid lyase in which lysine-
165 is replaced by aminoethylcysteine corresponds to that of wild
type [25], showing that the effect of substitution is negligible for
CD spectroscopy.

CD spectroscopy
CD spectroscopy was carried out at the BL12 beamline at the
Hiroshima Synchrotron Radiation Center (HiSOR) in Japan [26].
The sample solution was encapsulated in a calcium fluoride (CaF2)
sample cell [27]. The path length of the CaF2 cell was 12 μm. The
samples were kept at 25°C. CD spectra were measured between
180 and 260 nm. The CD spectrum of the solvent, which should be
zero under ideal conditions, was also measured as a baseline. We
subtracted this baseline from the CD spectra of the samples to
remove artificial CD signals that might have originated from the
optical system, CaF2 cells, and others.

The CD spectra with subtracted baseline were converted to
molar CD (Δε) to analyze the contents of the secondary structures.
Molar CD is defined as

ε θΔ = ( )
C N L32980

, 1

where θ, C, N and L are the CD intensity after subtraction of the
baseline described as ellipticity (in millidegrees; obtained as raw
data using the measurement system of the HiSOR BL12), the mol
concentration of the sample, the number of amino acid residues of
the samples, and the path length (in centimeters), respectively.
Ellipticity θ is one of the expression methods of CD intensities used
frequently and is proportional to the subtraction difference between
absorbance for LCPL and that for RCPL.

Analysis of secondary structure
The contents of α-helix, β-strand, turn, and unordered structures in
unmethylated/methylated H3 proteins were analyzed using CD
spectra and the SELCON3 program [28, 29] based on reference
data measured at HiSOR [30, 31]. We note that the α-helix content
includes the 310-helix structure, and the content of unordered struc-
tures includes bend, π-helix and β-bridge structures. The numbers
of α-helices and β-strands were calculated using the distorted con-
tents of α-helix and β-strand structures [29]. The SELCON3 pro-
gram was applied over the wavelength range of 185–260 nm.
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Prediction of the positions of α-helices and β-strands
We predicted the positions of the α-helices and β-strands in
unmethylated/methylated H3 proteins using a neural network
(NN) method based on the CD spectroscopic results, which is
termed the VUVCD–NN combination method [32], during which
we regarded the methylated aminoethylcysteine residues in our
samples as normal lysine residues. The computational protocol is
described elsewhere [32]. Briefly, we used an NN algorithm [33]
that predicts the positions of secondary structures using evolution-
ary sequence information based on the position-specific scoring
matrices generated by the PSI-BLAST algorithm, under the limits of
the number of α-helices and β-strands, and the number of amino
acid residues composing α-helix and β-strand structures determined
by CD spectroscopy and SELCON3 analyses. Turn and unordered
structures estimated by SELCON3 analysis were classified as coil
structures. It is known that the accuracy of the VUVCD–NN com-
bination method is ~75% for 30 reference proteins [32].

Absorption spectroscopy
We compared the CD to absorption intensity ratio (Δε/ε, where
ε is the molar absorption coefficient), called the anisotropy factor
or g-factor, of unmethylated/methylated H3 with that of other
proteins [34] to verify the validity of the CD-measurement condi-
tions. A commercial spectrophotometer (V-630 Bio; JASCO cor-
poration, Tokyo, Japan), of which the path length is 0.1 cm, was
used. Absorption spectra were measured between 220 and 300 nm,
since the data obtained using the spectrophotometer were less reli-
able in shorter wavelength region. Absorbance A was converted to
molar absorption coefficient comparing with the ratio of absorbance
(A275.5) to molar absorption coefficient at 275.5 nm (ε275.5 =
4.04 × 103 M−1 cm−1 [35]): ε/ε275.5 = A/A275.5.

RESULTS AND DISCUSSION
Absorption and CD spectra

Figure 1 shows the CD spectra of unmethylated/methylated H3
proteins. the absorption spectrum of H3K9me0 is also shown in

Fig. 1. The absorption spectrum in the wavelength region longer
than 260 nm is shown in the supplemental information (Fig. S2).
Methylated H3 showed similar absorption spectra. The molar
absorption coefficient increased toward the shorter wavelength
region in Fig. 1. Since the anisotropy factors of unmethylated and
methylated H3 in the 240–260 nm range were comparable with
those of other proteins [34], we deemed our experimental condi-
tions appropriate.

The CD spectrum for H3K9me0 exhibits a positive peak at
~190 nm and two negative peaks at ~210 and ~220 nm. These
peaks are characteristic CD peaks of α-helix structures [36].
According to the pioneer study [20], the CD intensities at
220 nm of folded H3 in 25 mM sodium phosphate buffer without
sodium fluoride were −2.3 M−1 cm−1 and gradually decreased to
−2.6 M−1 cm−1 (24 h later) due to aggregation. As shown in
Fig. 1, the CD intensity of H3K9me0 at 220 nm was −2.3 M−1 cm−1,
and the intensity remained unchanged until the end of a series of
H3K9me0-measurements (10 h after dissolving). Thus, aggrega-
tion of H3K9me0 was negligible in our conditions. Similarly,
because the CD intensities of methylated H3 also remained
unchanged, aggregation of methylated H3 was also negligible in
our experiments, probably due to decreased interactions between
histones and/or the increased stability of histones caused by add-
ing sodium fluoride.

H3K9me1 exhibited CD peak positions similar to those of
H3K9me0, but their CD intensities were very different. H3K9me2
exhibited a CD spectrum similar to that of H3K9me1, but H3K9me3
had a spectral shape that was quite different from H3K9me0/1/2,
showing negative peaks at ~200–220 nm and no positive peak at
~190 nm.

As CD spectra reflect the contents of the secondary structures
of proteins, these results show that methylation of K9 induces struc-
tural alterations in H3 proteins.

Secondary-structure contents
The CD spectra were analyzed using the SELCON3 program. The
secondary structure contents of unmethylated and methylated H3
proteins, determined as the average of results obtained by SELCON3
program, are listed in Table 1, together with the standard devia-
tions. The segment numbers of α-helices and β-strands are also
listed in Table 1. For ease of comparison, the results in Table 1 are
shown as in the proportional histograms of the secondary-structure
contents seen in Figure 2, in which each secondary-structure content
is normalized to a total content of 100%. The α-helix and β-strand
structural contents in H3K9me0 were 24.4 ± 1.3% and 20.8 ± 1.6%,
respectively, and the number of α-helices (Nα) and β-strands (Nβ)
were 4 and 6, respectively (Fig. 2 and Table 1). Turn and unordered
structural contents in H3K9me0 were 20.6 ± 1.2% and 31.9 ± 1.6%,
respectively.

H3K9me1 showed a large increment in the content and segment
number of α-helix structures (24.4 ± 1.3%→ 36.5 ± 1.7%; Nα =
4→ 6) and a decrement in those of β-strand structures (20.8 ±
1.6%→ 13.6 ± 2.6%; Nβ = 6→ 4), compared with those of H3K9me0
(Fig. 2 and Table 1). The contents of H3K9me2 were in agreement
with those of H3K9me1 within the standard deviation (Fig. 2 and

Fig. 1. (Upper panel) CD spectra of H3K9me0
(black), H3K9me1 (red), H3K9me2 (green) and
H3K9me3 (blue). (Lower panel) Molar absorption
coefficient (ε) of H3K9me0.
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Table 1). However, further methylation, namely, trimethylation of
K9 in H3 (H3K9me3), induced a significant decrement in α-helix
content (36.7 ± 1.5% → 13.1 ± 0.8%; Nα = 6 → 3) and an incre-
ment in β-strand content (13.6 ± 2.4% → 29.6 ± 1.9%; Nβ =
4 → 8) compared with those of H3K9me1 and H3K9me2 (Fig. 2
and Table 1). The content of turn structures scarcely changed
through K9 methylations (Fig. 2 and Table 1). The contents of
unordered structures were slightly decreased by K9 mono- and
dimethylations, but increased by trimethylation (Fig. 2 and Table 1).
These results suggest that structural alterations from unordered to α-
helix and/or β-strand structures or their reverse changes, as well as
those from α-helices to β-strands or vice versa, were induced by K9
methylation.

The content of α-helix structures largely varied by adding methyl
group(s) (Fig. 2 and Table 1). In particular, comparing H3K9me1
or H3K9me2 with H3K9me3, the α-helix content varied by ~23.4%,
which corresponds to structural changes in ~32 out of the 135 ami-
no acid residues. Similar structural changes by methylations were
also observed in β-strands. The significant structural alterations
observed here could not be explained by alterations in only the resi-
dues neighboring the methylation site, implying that the K9
methylation-induced structural alterations were not just localized
around the methylation site.

The predicted positions of α-helices and β-strands
Figure 3 shows predicted secondary-structure sequences of K9
unmethylated/methylated H3. Since the predictions of H3K9me1 and
H3K9me2 showed the same results, these were shown together in
Fig. 3 as ‘me1/2’. In the case of H3K9me0, the structures from the first
to the 44th residue, which include the N-terminal tail region, were
assigned as coil, namely, turn or unordered structures. H3K9me1 and
H3K9me2 formed a β-strand (or extended) structure from the fifth to
the eighth residues in the simulation (Fig. 3). In the case of H3K9me3,
this structure was also assigned. This shows that the additional methyla-
tions, namely di- and trimethylations, do not change the structures
close to the methylation site. Because β-strand structures tend to form
hydrogen bonds with neighboring atoms, the β-strand formations
around the methylation site may contribute to the interaction with
histone-binding proteins.

As shown in Fig. 3, the structural alterations are not limited to the
region around the methylation site. For example, structural changes
from β-strand to α-helix structures occurred at the 72nd–75th, 99th–
100th and 128th–129th residues in the H3K9me1/me2 simulation. In
H3K9me3, where many parts of α-helix structures observed in
H3K9me1 and H3K9me2 changed to coil structures, some parts of the
coil structures changed to β-strand structures. It is reported that methy-
lation of cycloviolacin O2 [37] and phosphorylation of nitrogen regula-
tory protein C [38] and 2-oxoglutarate dehydrogenase multienzyme
complex inhibitor (OdhI) [39] induce similar structural changes (coil
to α-helix and β-strand structures, or their reverse changes) at residues
distant from the modification site, using X-ray crystallography and
NMR. These reports support our simulation, which predicted the struc-
tural alterations in the residues at locations distant from the methyla-
tion site. These structural changes would originate from changes to
steric barriers and/or electrostatic interactions induced by methylation
and from β-strand formation around the methylation site. Thus, our
simulations based on CD spectroscopic results predicted that K9
methylation induces structural alterations of isolated H3 at residues not
only adjacent to the methylated site but also distant from it.

Possible structural alteration mechanism induced by
H3K9 methylation in solution

The methylation site in this study is located at the N-terminal tail of
H3. It is known that the N-terminal tail forms unordered structures

Table 1. Contents of secondary structures of H3K9me0/1/2/3 obtained using the SELCON3 program

Structural content (%) H3K9me0 H3K9me1 H3K9me2 H3K9me3

α-Helix 24.4 ± 1.3 36.5 ± 1.7 36.7 ± 1.5 13.1 ± 0.8

β-Strand 20.8 ± 1.6 13.6 ± 2.6 13.6 ± 2.4 29.6 ± 1.9

Turn 20.6 ± 1.2 23.1 ± 1.0 23.4 ± 1.6 22.7 ± 1.2

Unordered 31.9 ± 1.6 27.8 ± 1.8 27.4 ± 1.5 36.3 ± 2.4

No. of α-helices 4 6 6 3

No. of β-strands 6 4 4 8

Fig. 2. Comparison of secondary-structure
contents of H3K9me0 (me0), H3K9me1
(me1), H3K9me2 (me2) and H3K9me3
(me3) normalized to a total content of
100%.
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in nucleosomal H3 and is isolated from the DNA and other core
histones [2]. Hence, we could assume that all or most residues of
the N-terminal tail of H3K9me0 also form unordered structures.
This assumption was supported by our theoretical simulation, which
predicted that the 1st–44th residues formed neither an α-helix nor a
β-strand structure (Fig. 3). We observed an increment of the α-heli-
ces of H3K9me0 (~12.1%) and a decrease in the unordered struc-
tures (~4.1%) due to K9 mono and dimethylation; hence, these
structural alterations scarcely occur only within the N-terminal tail
when the balance of content change of α-helix and unordered struc-
tures is considered (Table 1). Therefore, it is expected that the

structural alterations induced by K9 methylation should also occur
in domain(s), of which secondary structures are not unordered
structures, excluding an N-terminal tail. In this section, we propose
a possible mechanism based on CD spectroscopic results and theor-
etical simulation. The simulation predicted that the structural altera-
tions from β-strands to α-helices or their reverse changes mainly
occurred at around the 40th–90th residues (Fig. 3).

A schematic view of the proposed mechanism for the structural
alterations is shown in Fig. 4. In the unmodified state, the N-
terminal tail would not interact with the other domain, as observed
in nucleosomal H3 (Fig. 4a). K9 monomethylation would induce

Fig. 3. Sequence-based secondary structures of H3K9me0 (me0), H3K9me1 and H3K9me2 (me1/2), and H3K9me3 (me3)
obtained by the VUVCD–NN combination method. The α-helix, β-strand/extended, and coil structures are shown by
cylinders, arrows and lines, respectively. The symbol KCm in the sequence represents methylated aminoethylcysteine inserted
instead of methylated lysine (see Materials and Methods for details). Note that the 9th and 110th residues of H3K9me0 are
lysine (K) and cysteine (C), respectively, which are different from those of methylated H3 samples.
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changes in the steric barriers and/or electrostatic interactions
around the methylation site, which might be the driving force
of the secondary-structure formation(s) in the N-terminal tail.
Dimethylation would induce similar changes. The structural changes
following the methylation would also induce interaction of the N-
terminal tail with residues distant from the methylation site
(Fig. 4b). Through the interaction, those residues, referred to as M1

residues hereafter, would form α-helix structure(s) (Fig. 4c).
Indeed, similar dramatic structural changes were observed in the
case of phosphorylation: phosphorylation induces folding of the
unordered region of OdhI, and as a result, the phosphorylated part
binds to its own FHA domain, and an α-helix is formed at residues
distant from the phosphorylation site [39]. When the K9 is add-
itionally methylated, the K9-trimethylated N-terminal tail would
step away from the M1 residues owing to changes in the steric bar-
riers and electrostatic interactions, and then the structures of M1

residues would revert to normal (α-helices → β-strands) (Fig. 4d).
The K9-trimethylated N-terminal tail would interact with residues
other than M1 residues and trigger the structural alteration from α-
helices to β-strands (Fig. 4e).

Apart from DDRs, H3K9 methylation plays other important
roles. For example, H3K9me2 is associated with euchromatic gene

silencing [40], and H3K9me3 is associated with heterochromatin
condensation and epigenetic silencing in diverse organisms [41–45].
In Caenorhabditis elegans, H3K9me2 is required for activating the
mitochondrial stress response [46]. To confirm the structural alter-
ation mechanism induced by K9 methylation, more precise theoret-
ical simulations, such as molecular dynamics (MD) simulations, are
important and will be an interesting subject of future work.

Comparison of K9 methylated H3 with H3–H4
extracted from DNA-damaged cells

Izumi et al. irradiated human cancer cells with 40 Gy X-rays, and
after that extracted H3–H4 [18]. H3K9me3 would spread over in
total tens of megabases in 40 Gy X-irradiated cells because X-ray
irradiation with 40 Gy induces ~1600 DSBs per cell [47] and
H3K9me3 spreads tens of kilobases away from the DSB sites [10].
Nevertheless, the amount of H3K9me3 spreading tens of megabases
would be only a few percent of the normal H3 because the human
genome is ~3 gigabases. Therefore, the contribution of H3K9me3
to the secondary-structure contents of H3–H4 extracted from
DNA-damaged cells would not be very large, and structural altera-
tions observed in H3–H4 cannot be explained solely by trimethyla-
tion of H3 on K9, although the tendencies of the structural
alterations are in agreement [18]. It is concluded that structural
alterations of H3 induced by K9 trimethylation should be included
during DDRs, but other post-translational modifications of H3, as
well as H4, would also be required to explain the structural altera-
tions of H3–H4 extracted from DNA-damaged cells.

Similar studies should be carried out in the future to confirm the
structural alterations induced by other post-translational modifica-
tions during DDRs in both H3 and H4, such as methylations of
lysine-79 on H3 and lysine-20 on H4, which link with the localiza-
tion of 53BP1 around damaged DNA [8]. In addition, intermolecu-
lar interaction between H3 and H4 may also induce extra structural
alterations. Other important future work will be to confirm struc-
tural alterations induced by post-translational modifications, under
the coexistence of H3 and H4.

CONCLUSIONS
We have shown for the first time, using SRCD spectroscopy, that
methylation of H3 on K9 induces global structural alterations, and
we suggest that the alterations occur in residues not only adjacent
to but also distant from the methylated site. The structural altera-
tions would play important roles in DDRs. Cyclopedic CD spectros-
copy of other modified histones will be an important part of future
work aimed at understanding DNA damage repair processes.

The global structural alterations induced by K9 methylation
would regulate the interactions between modified histones and
other molecules, such as histone-binding proteins. The epigenetic
functions of methylated H3 proteins in vivo may depend on struc-
tures not only in the vicinity of the methylation site but also distant
from the site.
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