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ABSTRACT DNA CpG methylation has been associated with chromatin compaction and gene silencing. Whether DNA
methylation directly contributes to chromatin compaction remains an open question. In this study, we used fluorescence fluctu-
ation spectroscopy (FFS) to evaluate the compaction and aggregation of tetra-nucleosomes containing specific CpG patterns
and methylation levels. The compactness of both unmethylated and methylated tetra-nucleosomes is dependent on DNA
sequences. Specifically, methylation of the CpG sites located in the central dyad and the major grooves of DNA seem to
have opposite effects on modulating the compactness of tetra-nucleosomes. The interactions among tetra-nucleosomes, how-
ever, seem to be enhanced because of DNA methylation independent of sequence contexts. Our finding can shed light on
understanding the role of DNA methylation in determining nucleosome positioning pattern and chromatin compactness.
INTRODUCTION
DNA methylation of a CpG dinucleotide is the most
frequent epigenetic modification that occurs on the genome.
DNA methylation has been associated with chromatin
compaction and gene silencing via different pathways
(1,2). For example, DNA methylation can recruit methyl
binding domain proteins (MBDP) and protein complexes
such as SIN3A (3–5). These proteins act together to facili-
tate chromatin compaction and subsequently transcriptional
suppression. The direct effect of DNA CpG methylation on
chromatin structure, however, remains to be understood.
Whether DNAmethylation can directly modulate chromatin
compactness is still an open question.

Recent genome-wide-association-studies (GWAS) have
revealed interesting correlations among DNA sequences,
DNA methylation, and nucleosome positioning patterns.
Specifically, unmethylated CpG sites are found to preferen-
tially locate in the major grooves of nucleosomal DNA, fac-
ing away from histone octamers (6,7). These preferences
have been consistently observed in GWAS conducted in
yeast, plants, invertebrates, and mammals (6–9). Methylated
CpG sites, on the other hand, have been found to exist pre-
dominantly at 10 bp periodicity in the minor grooves of
nucleosomal DNA facing histone octamers. These observa-
tions seem to suggest that methylated DNA fragments pref-
erentially occur at certain nucleosomal locations because of
either the timing of DNA methylation reaction or the
sequence-encoded nucleosome positioning pattern. Addi-
tionally, in vitro studies have shown that besides the 10 bp
periodicity of CpG sites, other CpG pattern, such as a stretch
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of CpG dinucleotides, can also have a significant effect
on nucleosome positioning and chromatin conformation
depending on their methylation state (10–13). Understand-
ing how DNA methylation at those different nucleosomal
locations contributes to the formation and stability of chro-
matin fibers holds the key to deciphering the direct impact
of DNA methylation on chromatin.

The effect of DNA methylation on chromatin structure
has been challenging to determine given the hierarchical
structure of the complex. At DNA level, DNA methylation
has been found to decrease the binding affinity of DNA to
histone octamers (7,13–15) and contribute to determining
the nucleosome positioning pattern of in vitro reconstituted
chromatins (10,16,17). Recently, the effects of DNA
methylation on nucleosome structure have been well studied
(11,18–20). DNA methylation was found to affect the
compactness of mono-nucleosomes based on its sequence
contexts, and more importantly the relative location of the
methylated CpG sites (11). Although there is extensive evi-
dence suggesting that hyper-methylated chromatin tend to
adopt a more compact folding in vivo (21), fewer studies
exist as to the detailed role of DNA methylation in altering
the inter- and intranucleosomal array interactions.

In this paper, we evaluated the effect of different CpG
methylation patterns, selected based on GWAS and previous
studies (6,7,10,11), on the compaction and the oligomeriza-
tion of tetra-nucleosomes. Tetra-nucleosomes, consisting of
147 bp DNA repeats connected by linker DNA of 30 bp,
were used as a model nucleosome array in our study.
Tetra-nucleosomes have been broadly used to study the
structural and functional properties of chromatin (23–29).
They are preferred over native chromatin because of their
well-defined features (linker DNA length, and types of
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histone octamers) and homogenous sample quality (30).
Although tetra-nucleosomes may not capture all essential
interactions required for forming a chromatin fiber (31–
33), they provide a minimum system to elucidate the
methylation effects on inter- and intranucleosomal array
interactions.

In this study, we used fluorescence fluctuation spectros-
copy (FFS) to quantitatively assess the compactness and
oligomerization states of tetra-nucleosomes containing
different CpG patterns and methylation levels. Our results
showed that the compactness of tetra-nucleosomes is depen-
dent on both CpG patterns and DNA methylation states. The
sequence-dependence of tetra-nucleosome compactness is
inversely related to what we have previously observed
for mono-nucleosomes (11). DNA methylation can either
facilitate or suppress the compaction of tetra-nucleosomes
depending on the location of CpG sites. The oligomerization
of tetra-nucleosomes, measured as the particle size increases
with increasing Mg2þ concentrations, is positively affected
by increase in DNA methylation levels, independent of
DNA sequence content. Our results suggest that DNA
methylation contributes to short-range intranucleosomal
interaction in a sequence dependent manner. Meanwhile,
long-range internucleosomal interactions that lead to the
formation of tetra-nucleosome oligomers are enhanced by
DNA methylation. Our results provide insights as to how
DNA methylation modulates chromatin interactions and
regulates gene expression.
MATERIALS AND METHODS

Preparation of DNA repeats containing
Widom-601 sequence

Tetra-nucleosomes have been used as model systems to study multiple

chromatin features, including chromatin structure (23), inter- and intranu-

cleosome interactions (24), and the effects of histone tails and posttransla-

tional modifications on chromatin structure (24,25). In this study, we

prepared DNA fragments containing four repeats of Widom-601 sequence

(34) separated by linker DNA of 30 bp in length. The tetra-nucleosomes

were reconstituted via a stepwise dialysis procedure (35). Additionally,

we embedded three different CpG dinucleotide patterns, namely, 1), five
Biophysical Journal 107(7) 1629–1636
consecutive CpG dinucleotides located in the central dyad ((CG)5), 2),

five CpG dinucleotides at 10 bp intervals located in the major grooves

((CGX8)5,major groove), and 3), five CpG dinucleotides at 10 bp intervals

located in the minor grooves ((CGX8)5,minor groove), to the original

Widom-601 sequences as shown in Fig. 1 A . These three types of DNA

methylation patterns were selected because of their distinctive nucleosome

locations, and consequently different contacting modes with histone

octamers as we detailed in our previous publication (11). For example,

based on the crystal structure of nucleosomes, the CpG dinucleotides

located in the major grooves do not form direct contacts with histone

octamers, whereas CpG dinucleotides located in the minor grooves directly

face histone octamers (36).

DNA repeats containing Widom-601 sequence were cloned into pUC57

plasmid (Genscript, Piscataway, NJ) and the sequence was verified using

DNA sequencing. The detailed DNA sequences of each construct are sum-

marized in Table S1 in the Supporting Material. DNA fragments, free of

CpG methylation, were produced in E. coli TOP10 cells (Invitrogen, Grand

Island, NY). To produce DNA fragments with methylated CpG dinucleo-

tides, plasmids containing the DNA of interest were co-transformed with

pAIT2 plasmids into E. coli ER1821 cells (NEB, Ipswich, MA) (37).

Plasmid pAIT2 codes for M.SssI methyltransferase, which catalyzes the

addition of methyl groups to cytosines in the context of CpG dinucleotides.

DNA produced using E. coli ER1821 strains is heavily methylated at CpG

sites as reported in literature (37). Plasmid DNA was purified following a

standard protocol (35) and digested to release the DNA repeats. The

digested DNA samples were purified using a gel permeation column

(Sephacryl S-500 HR, GE Healthcare Life Sciences, Pittsburgh, PA). The

quality of the DNA fragments was examined using a polyacrylamide gel

as shown in Fig. S1 A.

The methylation level of the DNA samples was assessed using the BstUI

digestion pattern. The cleavage ability of BstUI is blocked by CpG methyl-

ation. Typically, DNA fragments produced in ER1821 are 85% to 100%

methylated based on BstUI digestion patterns (Fig. S1 B). These DNA frag-

ments were incubated with M.SssI (NEB, Ipswich, MA) and SAM (16 mM)

at 37�C overnight to increase the methylation level to ~ 100% (Fig. S1 B).

M.SssI was then removed by phenol-chloroform extraction.
Refolding of histone octamers

Recombinant core histone proteins H2A, H2B, H3, and H4 with sequence

derived from Xenopus laevis were individually expressed in bacteria as

described by Luger et al. (35). Plasmids encoding for mutated histone pro-

teins H2BT112C, H4S47C, and H3C110Awere prepared by modifying the

expression vector via a site-directed mutagenesis approach (38). The added

cysteines provide labeling sites for fluorescent dyes, whereas H3C110A

mutant prevents nonspecific fluorescence labeling by removing the only

cysteine present in wild-type core histone proteins. The mutations we

chose have been shown to minimally disrupt nucleosome conformation in
FIGURE 1 (A) Schematic drawing of the CpG

patterns within a nucleosome (adapted from Jime-

nez-Useche et al. (11)). (B) Translational diffusion

coefficient (D) of tetra-nucleosome at 10 mM KCl

and 100 mM KCl. Data: mean 5 standard error.

* p < 0.005; # p < 0.05.
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literature (39,40). Two types of fluorescent dyes were used for labeling

the proteins, i.e., Alexa Fluor 488 C5 maleimide (Life Technologies, Grand

Island, NY) and Fluorescein-5-maleimide (AnaSpec, San Jose, CA). Fluo-

rescent labeling reactions were carried out overnight at 4�C. Reaction
mixtures were then dialyzed to water to remove unreacted fluorescent

molecules. The quality of the samples was verified using SDS-PAGE.

(Fig. S2 A). Histone octamers were refolded and purified by a gel perme-

ation column (Superdex 200, GE Healthcare Life Sciences, Pittsburgh,

PA) as described before (35). A typical gel of purified histone octamers

was shown in Fig. S2 B.
Reconstitution of tetra-nucleosomes

DNA fragments were mixed with histone octamers at an optimal ratio to

reconstitute tetra-nucleosomes (23). The ratio of DNA to histone octamers

was optimized to minimize the presence of unbound DNA. The quality of

reconstituted tetra-nucleosomes was assessed using agarose gels (Fig. S3 A)

and restriction enzyme digestion patterns (Fig. S3 B). EcoRV sites or ScaI

sites were embedded in the linker region by design. The saturation level of

the tetra-nucleosomes was assessed by the digestion pattern following an

established protocol (41). Specifically, undersaturated tetra-nucleosomes

with less than four histone octamers per DNA molecule will yield

free DNA and mono-nucleosomes after enzyme digestion. Meanwhile,

saturated tetra-nucleosomes with all four sites occupied will only exhibit

mono-nucleosome bands after digestion (Fig. S3 B). All prepared tetra-

nucleosomes were found to have a saturation level > 95% estimated as

(INCP/(INCP þ IDNA)), where IDNA and INCP are the intensities of free

DNA and mononucleosome band, respectively. The recovered reconstitu-

tion products were further purified using a Mg2þ (4.4 mM) precipitation

step to remove any unbound histone octamers (23).
Fluorescence fluctuation spectroscopy

FFS was used to assess the compaction and oligomerization of tetra-nucle-

osomes. All measurements were carried out using fluorescently labeled
tetra-nucleosomes in TEK buffer (10 mM Tris pH 7.9, 0.1 mM EDTA,

and 10 mM or 100 mM KCl) with varying Mg2þ concentrations (0 to

1.5 mM). The nucleosome concentration was kept at ~ 0.50 mM (corre-

sponding to a tetra-nucleosome concentration of 0.125 mM with 3% label-

ing efficiency and a labeled tetra-nucleosome concentration of ~ 4 nM) to

obtain a good signal-to-noise ratio and prevent array dissociation. Fluctua-

tions in fluorescence intensity data were collected using a dual-channel

confocal spectrometer (ALBA FCS system, ISS, Champaign, IL) similar

as described previously (14).

The FFS data were correlated to obtain correlation curves (G(t)). The

fluorescence correlation spectroscopy (FCS) curves were analyzed using

the VistaVision Software (ISS, Champaign, IL) to reveal the translational

diffusion coefficient (D) of the tetra-nucleosomes in the following equation:

GðtÞ ¼ Gð0Þ
�
1þ 4Dt

w0

��1�
1þ 4Dt

z0

��1=2

; (1)

where G(0) is the inverse of the number of molecules in the observation

volume, and wo and zo are characteristic dimensions of the observation
volume. wo and zo were calculated using a standard solution of Rhodamine

110 with known concentration and translational diffusion coefficient

(430 mm2/s) (42). A typical correlation curve of tetra-nucleosomes and its

fitting are shown in Fig. S4. We also followed the changes inG(0) as a func-

tion of Mg2þ concentrations. Increases in G(0) corresponds to decreases in

the number of molecules in the observation volume. Significant changes in

G(0) thus suggest the formation of oligomers or aggregates in the sample

volume.

To eliminate the possibility that the dissociation of H2A/H2B dimers

contribute to the observed translational diffusion coefficient change, we

compared the diffusion coefficient of tetra-nucleosomes with fluorescent

dyes attached to H4S47C and H2BT112C, respectively. As shown in

Fig. S5, the measured diffusivities of two arrays are comparable with

each other. To minimize the system noise of FFS experiments, each data

point as shown in Figs. 2 and 3 was collected using tetra-nucleosomes

from more than two batches of reconstitutions and more than three indepen-

dent measurements of each reconstitution batch.
FIGURE 2 Effect of increasing concentration

of Mg2þ cations on (A,B) translational diffusion

coefficient (D) and (C,D) normalized particle

numbers of unmethylated and methylated tetra-

nucleosome arrays within the detection volume,

respectively. The tetra-nucleosome concentration

was kept at ~ 0.125 mM. Data: mean 5 standard

error.
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FIGURE 3 Effect of CpG methylation on the

translational diffusion coefficients of tetra-nucleo-

somes with varying Mg2þ concentrations at (A)

KCl ¼ 10 mM and (B) KCl¼ 100 mM. The dotted

line indicates the transition between tetra-nucleo-

some compaction and oligomerization. To see

this figure in color, go online.
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RESULTS

DNA sequence modulates compaction of
tetra-nucleosomes

DNA sequence has been shown to affect the conformation of
nucleosomes (11,43). Here we evaluated the effect of three
different CpG patterns on the compaction of tetra-nucleo-
somes. The translational diffusion coefficient (D) of tetra-
nucleosomes was measured by FCS. Fig. 1 B shows the
translational diffusion coefficients of unmethylated tetra-
nucleosomes at 10 and 100 mM KCl. At 10 mM of KCl,
the addition of CpG sites in the minor grooves results in a
10% increase (p < 0.005) in the translational diffusion
coefficients, equivalent to a 9% reduction in the calculated
hydrodynamic size based on Stoke-Einstein equation. In
contrast, CpG sites in the central dyad lead to a decrease
of ~ 14% in the translational diffusion coefficient (p <
0.005). No significant difference is observed between
tetra-nucleosomes with CpG sites in major groove and orig-
inal Widom-601 repeats. Addition of KCl to 100 mM
slightly increases the compaction of all tetra-nucleosomes,
but the relative compactness of each type of tetra-nucleo-
somes remains unchanged (Fig. 1 B).
TABLE 1 The Mg2D concentration (mM) at which tetra-

nucleosomes assume the maximum compaction.

Unmethylated (mM) Methylated (mM)

Widom 601 0.48 5 0.01 0.62 5 0.01

Central dyad 0.65 5 0.01 0.49 5 0.01

Major groove 0.41 5 0.01 0.42 5 0.01

Minor groove 0.40 5 0.01 0.46 5 0.01

This concentration is estimated by fitting the data with cubic polynomial

function and estimating the Mg2þ concentration at the maximum of the

function. All data ¼ mean 5 standard error.
Divalent cations (Mg2D) mediate the compaction
and oligomerization of tetra-nucleosomes

Nucleosome arrays assume dynamic structures and their
compactness can be modulated by the presence of cations
(44). In particular, Mg2þ cations are known to be effective
in facilitating the compaction of nucleosome arrays by
contributing to both short-range and long-range interaction
forces (24,44). In this study, we varied the Mg2þ concentra-
tion from 0 to 1.1 mM to study the compaction and oligo-
merization of tetra-nucleosomes.

The translational diffusion coefficient of all tetra-
nucleosomes under different MgCl2 concentrations are
summarized in Fig. 2 A and C. For unmethylated tetra-
nucleosomes, we observed an increase in translational
diffusivities at low Mg2þ concentrations (~ 0 to 0.40 mM)
(Fig. 2 A). The maximum tetra-nucleosome compaction,
Biophysical Journal 107(7) 1629–1636
measured as the highest translational diffusivity, was
achieved at Mg2þ concentrations ranging from 0.40 to
0.65 mM as summarized in Table 1. The translational
diffusivity increases by ~ 8% to 22% for all unmethylated
tetra-nucleosomes, corresponding to a hydrodynamic size
reduction of 7% to 18%. The tetra-nucleosome with the
CpG pattern embedded in the minor grooves exhibits the
largest compaction induced by Mg2þ cations. Because
G(0) is inversely related to the average number of
fluorescent particles within the focal volume, we calculated
the relative number of particles (Nnormalized) under dif-
ferent Mg2þ concentrations as G(0)control/G(0)sample where
G(0)sample and G(0)control are the G(0) value of tetra-nucleo-
somes in TEK buffers with and without Mg2þ, respectively.
The values of Nnormalized remain almost constant around 1,
at Mg2þ < 0.6 mM, as shown in Fig. 2 B. This result sug-
gests that tetra-nucleosomes do not form multimers under
this Mg2þ concentration range. Interestingly, although
the presence of divalent cations compacts each type of
tetra-nucleosomes, the relative compactness of each con-
struct remains unaffected by the additional Mg2þ cations
([Mg2þ] < 0.6mM).

Further increases in Mg2þ concentration are accompanied
by decreases in the diffusion coefficients and significant
changes in the normalized number of particles (Nnormalized).
Both decompaction of tetra-nucleosomes and oligomeriza-
tion of tetra-nucleosomes can contribute to the decreased
diffusivity. Combining both pieces of evidence, it suggests
the formation of tetra-nucleosome oligomers is the more
likely cause. The oligomerization trends as demonstrated
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by different unmethylated tetra-nucleosomes are quite com-
parable with each other (Fig. 2 A and B). Our results suggest
that additional CpG dinucleotides do not significantly
contribute to the long-range interactions that lead to the
formation of tetra-nucleosome oligomers.

It should be noted that although the translational diffusion
coefficients of tetranucleosomes in the absence of Mg2þ

may be similar to those obtained at a certain Mg2þ con-
centration (for example, wild-type tetranucleosomes at 0
and ~ 0.7 mM of MgCl2), we expect that the conformations
of tetranucleosomes at these two concentrations are quite
different from each other. Specifically, tetra-nucleosomes
exist as individual molecules with relatively open conforma-
tions without Mg2þ. The measured diffusivities are thus
fairly low. After adding Mg2þ, tetra-nucleosomes increase
their compactness and exhibit higher diffusion coefficients.
Further increases in Mg2þ concentrations can lead to the
onset of the oligomerization process. The sample mixture
contains individual compact tetranucleosomes and tetranu-
cleosome oligomers. As a result, the diffusion coefficient
of the sample decreases and may result in diffusivities
with similar values of tetranucleosomes without Mg2þ.
DNA CpG methylation affects tetra-nucleosome
compactness dependent on DNA sequences

We examined the effects of methylation on the compaction
of tetra-nucleosomes. In the absence of Mg2þ ions, DNA
methylation differentially affects the compactness of tetra-
nucleosomes dependent on sequence contexts, as shown in
Fig. 1 B top and bottom panels. The most significant
changes in tetra-nucleosome compactness were observed
for modified Widom-601 sequences with an additional
(CG)5 stretch in the central dyad and with additional CpG
dinucleotides in the major grooves. Specifically, the DNA
construct with (CG)5 stretch exhibits a translational diffu-
sivity 10% higher than the unmethylated counterpart (p <
0.005), suggesting a 9% reduction in the hydrodynamic
radius of the tetra-nucleosome. On the other hand, tetra-
nucleosomes, with additional (CGX8)5, major groove, shows
a 24% decrease (p < 0.005) in diffusivities upon DNA
methylation. This change corresponds to 32% increase in
the hydrodynamic radii of tetra-nucleosomes. The com-
pactness of tetra-nucleosome with the original Widom-
601 sequence and embedded (CGX8)5,minor groove seem to
be unaffected by the presence of DNA methylation. A
similar trend was observed at 100 mM KCl as shown in
Fig. 1 B bottom panel.

Similar to unmethylated samples, methylated tetra-nucle-
osomes increase their compactness with increasing Mg2þ

concentration (~ 0 to 0.45 mM) as shown in Fig. 2 C. The
relative number of particles remains close to 1 within these
MgCl2 concentrations as shown in Fig. 2D. Maximum tetra-
nucleosome compaction is observed at 0.42 to 0.62 mM
Mg2þ as summarized in Table 1. Similar to unmethylated
tetra-nucleosomes, methylated tetra-nucleosomes show
maximum compaction with 9% to 22% increase in diffu-
sivity, corresponding to 8% to 18% reduction in hydrody-
namic size.

To quantitatively account for the effect of DNA methyl-
ation on tetra-nucleosome conformation at various Mg2þ

concentrations, we calculated the ratio of the translational
diffusivities of methylated and unmethylated tetra-nucleo-
somes, as Dmet/Dunmet. Our results are summarized in
Fig. 3. At low Mg2þ concentrations (0 to 0.55 mM), the
values of Dmet/Dunmet remain almost constant. Tetra-nucleo-
somes with (CG)5 in the central dyad consistently exhibit
more compact folding upon DNA methylation, whereas
tetra-nucleosomes with (CGX8)5, major groove become less
compact with the introduction of DNA methylation. The
folding of the other two types of tetra-nucleosomes, i.e.,
original Widom-601 and (CGX8)5,minor groove, seems to be
unaffected by DNA methylation.
DNA CpG methylation facilitates tetra-
nucleosome oligomerization

At high Mg2þ concentrations (> 0.42 to 0.62 mM), methyl-
ated tetra-nucleosomes show decreased diffusivity with
increasing divalent cationic concentrations (Fig. 2 C).
Decreases in the values of Nnormalized were also observed
in this concentration range similar to unmethylated tetra-
nucleosomes (Fig. 2 D). We calculated Dmet/Dunmet using
the same approach as described in the previous section.
Interestingly, all tetra-nucleosomes have Dmet/Dunmet less
than or equal to one, as shown in the right-halves of
Fig. 3 A and B. This trend is more significant when
KCl ¼ 100 mM. The reduction in diffusivities can be pri-
marily attributed to the oligomers formed in the solution
phase in this concentration range. Dmet/Dunmet less than or
equal to one can thus be interpreted as formation of larger
oligomers and/or more oligomers. This trend is also con-
sistent with the sedimentation experiments as we carried
out using both unmethylated and methylated Widom-601
tetra-nucleosomes (Fig. S6).
DISCUSSION

Effects of DNA sequences on the compaction of
tetra-nucleosomes

To quantify the effect of embedded CpG patterns on
tetra-nucleosome conformation, we calculated the relative
compactness of each tetra-nucleosomes as Di/DWidom 601,
where Di and DWidom 601 correspond to the translational
diffusion coefficients of tetra-nucleosome (i) and Widom
601, respectively. We compared our results with mono-
nucleosome compactness as we observed in our previous
work (11). Specifically, we calculated the relative compact-
ness of mono-nucleosomes as Ei/EWidom 601, where E is the
Biophysical Journal 107(7) 1629–1636
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energy transfer efficiency measured from a FRET dye pair
attached to the ends of nucleosomal DNA (Fig. 4 A insert)
based on our previous findings (11). In mono-nucleosomes,
the FRET results are dominated by the motion of the DNA
ends because of our labeling strategy. We observed an in-
crease in nucleosome compaction when a (CG)5 stretch is
introduced to the central dyad and a decrease in nucleosome
compaction when CpG sites are introduced in the minor
grooves of the nucleosomal DNA, as shown in Fig. 4 A.
An opposite trend was observed in tetra-nucleosomes with
the same CpG patterns. Our results seem to suggest the ex-
istence of a correlation between the DNA-end breathing
motion of nucleosomes and the compaction of tetra-nucleo-
some. Surprisingly, the revealed correlation is negative. One
possible explanation for this is that linker DNA as observed
in the tetra-nucleosome crystal structure adopts a quite open
configuration (23). Enhanced DNA-end breathing (mani-
fested as decreased compactness in mono-nucleosomes)
permits the existence of different linker DNA trajectories
in an array structure and may consequently result in a
more compact tetra-nucleosome conformation.

The preferential compaction of tetra-nucleosomes with
additional CpG dinucleotides embedded in the minor
grooves is consistent with literature report showing that
GþC rich DNA strands condense more easily at low
Mg2þ concentrations than AþT rich DNA strands (45).
Consequently, Mg2þ cations are more likely to reduce the
short-range repulsion forces between neighboring nucleo-
somes and facilitate the compaction process.
Effect of DNA methylation on compaction and
oligomerization of tetra-nucleosomes

The effects of DNA methylation on tetra-nucleosome con-
formation was compared with our previous observations
for mono-nucleosomes as shown in Fig. 4 B. Our mono-
nucleosome study suggests an overall decrease in mono-
nucleosome compaction as demonstrated by a reduction in
measured energy transfer efficiency (E) between the ends
of nucleosomal DNA, with the exception of DNA fragments
containing additional CpG dinucleotides in the minor
Biophysical Journal 107(7) 1629–1636
grooves. The trend observed in tetra-nucleosome diffusiv-
ities, however, does not demonstrate any correlation with
what was observed for mono-nucleosomes. The discrepancy
between these two observed trends (DNA methylation
effects on mono- and tetra-nucleosomes) seems to suggest
that DNA methylation contributes to the tetra-nucleosome
structure by more than affecting the compactness of
mono-nucleosomes. DNA methylation may also directly
contribute to the intranucleosome interactions that deter-
mine the distance between neighboring nucleosomes within
the same array.

It is widely accepted that methyl groups of methylated
cytosines face into the major grooves (46,47). In the case
of tetra-nucleosomes containing methylated CpG sites in
the major grooves, the methyl groups will be accommodated
at the interior of the nucleosomal structure, facing the his-
tone octamer surface. In this position, the methyl groups
pose a hindrance for the nucleosomal DNA to bend and
comply with the histone octamer curvature and can also
alter the interactions between DNA and histone octamers
(48). As a result, a less compact structure of tetra-nucleo-
somes with (CGX8)5,major groove is to an extent expected.
On the other hand, in the case of tetra-nucleosomes with
the CpG sites in the minor grooves, the methyl groups
will be accommodated on the outside of the nucleosomal
structure, facing away from the histone octamer. Because
these grooves are already widened because of the bending
of nucleosomal DNA, the addition of extra methyl-groups
are not expected to pose any hindrance or interfere with
DNA-histone octamer contacts. As a result, DNA methyl-
ation does not significantly alter the compactness of tetra-
nucleosomes. Methylation of the additional (CG)5 located
in the central dyad facilitates the tetra-nucleosome compact-
ness by potentially reducing the repulsion forces between
DNA fragments located in the linker and the central dyad
regions. The presence of methyl-groups in cytosines can
potentially reduce the repulsive interactions between nega-
tively charged DNA backbone via the formation of a hydra-
tion layer around methyl-groups (49). As a result, the linker
DNA can exist in close proximity of neighboring nucleo-
somes and lead to a more compact array structure.
FIGURE 4 Comparison of the compaction level

of (A) unmethylated or (B) methylated nucleo-

somes and tetra-nucleosomes at 10 mMKCl. Inset:

schematic drawing of DNA end breathing motion

in nucleosomes. Data: mean 5 standard error.

* p < 0.005; # p < 0.05. To see this figure in color,

go online.
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When DNA methylation was positioned in the major
grove of tetranucleosomes, a 32% increase in the hydrody-
namic radius was observed. The magnitude of this increase
is on scale comparable with what has previously been
observed for histone modifications. Analytical centrifuga-
tion experiments on nucleosome arrays containing twelve
nucleosomes saw increase in hydrodynamic radius of
15%, 19%, and 19% for H2B ubiquitylation (25), H4-K16
acetylation (50), and H4 tail truncation (51), respectively.
Additionally, the 15% increase in hydrodynamic radius
because of H2B ubiquitylation corresponded to increases
in nucleosome accessibility as measured by an in vitro
methyltransferase accessibility assay and H2B ubiquityla-
tion was found to be associated with active chromatin in vivo
(25). Although these studies were performed using nucleo-
some arrays containing 12-repeats rather than tetranucleo-
somes, it has been predicted that tetranucleosome arrays
exhibit a lesser extent of compaction as seen 12mer repeat
nucleosome arrays (24). This suggests that the increase in
hydrodynamic radius is even more significant when seen
in tetranucleosomes as compared with 12mer repeat nucle-
osome arrays. The decrease in array compaction caused
by CpG methylation in the major groove of the nucleosome
is large enough to play a significant role in the nucleosome
accessibility of DNA binding proteins.

Based on our results, DNA methylation facilitates the
oligomerization of tetra-nucleosomes independent of DNA
sequence context. Significantly, tetra-nucleosomes with
additional methyl groups in minor grooves (the preferred
location of methyl groups in chromatin, as found in
GWAS studies) demonstrate the strongest oligomerization
trend as shown in Fig. 2 D. The exact oligomerization/
aggregation mechanism of tetra-nucleosomes, however, re-
mains to be clarified. This observation suggests that DNA
methylation can contribute to the long-range interactions
between tetra-nucleosomes by increasing the effective
attraction forces. These forces could be the result of interac-
tions between the attached methyl groups in tetra-nucleo-
somes. There are literature reports suggesting that the
presence of methyl groups in DNA facilitate the interactions
between DNA strands (52,53). The nature of this attraction
force, however, is controversial, with some literature claim-
ing that these interactions are because of hydrophobicity
(52) and other suggesting that they are due to the increased
polarizability of the methyl groups (49,54).
CONCLUSIONS

In conclusion, our results suggest that the conformation of
tetra-nucleosomes is dependent on DNA sequence context
just as we observed before for mono-nucleosomes (11). As
expected, tetra-nucleosomes exhibit compaction followed
by oligomerization with increasing Mg2þ concentrations.
Tetra-nucleosomeswith additional CpG in theminor grooves
exhibit the largest compaction among all four constructs
studied in this work, suggesting increased intranucleosome
interactions because of the preferential binding of Mg2þ

cations. Two of the CpG patterns studied here were able to
distinctively modulate the compaction of tetra-nucleosomes
upon methylation. Specifically, a stretch of (meCpG)5 dinu-
cleotides favors the compaction of tetra-nucleosomes,
whereas meCpG sites in the major grooves induced a less
compact structure. Significantly, DNA methylation level
seems to promote the oligomerization of tetra-nucleosomes,
suggesting increased internucleosome interactions. The re-
sults from this study contribute to understanding the detailed
mechanistic role of DNA methylation in determining chro-
matin compaction and regulating gene expression.
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1. Supporting tables 

Table S1. DNA sequences of all four constructs used in this study. Linker DNA sequence is in 

italics and highlighted. CpG sites are in bold and underlined.   

Construct DNA sequence Number of  

CpG sites 

Widom-

601 

(4x177) 

ATCAGTACTC TGGAGAATCC CGGTGCCGAG GCCGCTCAAT 

TGGTCGTAGA CAGCTCTAGC ACCGCTTAAA CGCACGTACG 

CGCTGTCCCC CGCGTTTTAA CCGCCAAGGG GATTACTCCC 

TAGTCTCCAG GCACGTGTCA GATATATACA TCCTGTACTT 

ACGCGGCCGC ACAGTACTAC TTACGCCTGG AGAATCCCGG 

TGCCGAGGCC GCTCAATTGG TCGTAGACAG CTCTAGCACC 

GCTTAAACGC ACGTACGCGC TGTCCCCCGC GTTTTAACCG 

CCAAGGGGAT TACTCCCTAG TCTCCAGGCA CGTGTCAGAT 

ATATACATCC TGTTCTAGAC TTACGCGAGT ACTACTTACG 

CGGCTGGAGA ATCCCGGTGC CGAGGCCGCT CAATTGGTCG 

TAGACAGCTC TAGCACCGCT TAAACGCACG TACGCGCTGT 

CCCCCGCGTT TTAACCGCCA AGGGGATTAC TCCCTAGTCT 

CCAGGCACGT GTCAGATATA TACATCCTGT ACTTACGCGG 

CCAGTACTAC TTACGCGGGC CTGGAGAATC CCGGTGCCGA 

GGCCGCTCAA TTGGTCGTAG ACAGCTCTAG CACCGCTTAA 

ACGCACGTAC GCGCTGTCCC CCGCGTTTTA ACCGCCAAGG 

GGATTACTCC CTAGTCTCCA GGCACGTGTC AGATATATAC 

ATCCTGTGCT AGCAGTACTA CCGGTGAT 

65 

Central 

dyad 

(4x177) 

GATCTTCATG GATATCCCCT GGAGAATCCC GGTGCCGAGG 

CCGCTCAATT GGTCGTAGAC AGCTCTAGCA CCGCTTAAAC 

GCACGTACGC GCGCGCGCCC GCGTTTTAAC CGCCAAGGGG 

ATTACTCCCT AGTCTCCAGG CACGTGTCAG ATATATACAT 

CCTGTGCGAT ATCGATGGAT CTTCATGGAT ATCCCCTGGA 

GAATCCCGGT GCCGAGGCCG CTCAATTGGT CGTAGACAGC 

TCTAGCACCG CTTAAACGCA CGTACGCGCG CGCGCCCGCG 

TTTTAACCGC CAAGGGGATT ACTCCCTAGT CTCCAGGCAC 

GTGTCAGATA TATACATCCT GTGCGATATC GATGGATCTT 

CATGGATATC CCCTGGAGAA TCCCGGTGCC GAGGCCGCTC 

AATTGGTCGT AGACAGCTCT AGCACCGCTT AAACGCACGT 

ACGCGCGCGC GCCCGCGTTT TAACCGCCAA GGGGATTACT 

CCCTAGTCTC CAGGCACGTG TCAGATATAT ACATCCTGTG 

CGATATCGAT GGATCTTCAT GGATATCCCC TGGAGAATCC 

CGGTGCCGAG GCCGCTCAAT TGGTCGTAGA CAGCTCTAGC 

ACCGCTTAAA CGCACGTACG CGCGCGCGCC CGCGTTTTAA 

CCGCCAAGGG GATTACTCCC TAGTCTCCAG GCACGTGTCA 

GATATATACA TCCTGTGCGA TATCGATG 

 

72 

Major 

groove 

(4x177) 

GATCTTCATG GATATCCCCT GGAGAATCCC GGTGCCGAGG 

CCGCTCAATT GGTCGTAGAC AGCTCTAGCA CCGCTTAAAC 

GCACGTACGC GCTGTCCCCC GCGTTTTAAC CGCGAAGGGG 

76 



ATCGCTCCCT AGCGTCCAGG CACGTGTCAG ATCGATACAT 

CCTGTGCGAT ATCGATGGAT CTTCATGGAT ATCCCCTGGA 

GAATCCCGGT GCCGAGGCCG CTCAATTGGT CGTAGACAGC 

TCTAGCACCG CTTAAACGCA CGTACGCGCT GTCCCCCGCG 

TTTTAACCGC GAAGGGGATC GCTCCCTAGC GTCCAGGCAC 

GTGTCAGATC GATACATCCT GTGCGATATC GATGGATCTT 

CATGGATATC CCCTGGAGAA TCCCGGTGCC GAGGCCGCTC 

AATTGGTCGT AGACAGCTCT AGCACCGCTT AAACGCACGT 

ACGCGCTGTC CCCCGCGTTT TAACCGCGAA GGGGATCGCT 

CCCTAGCGTC CAGGCACGTG TCAGATCGAT ACATCCTGTG 

CGATATCGAT GGATCTTCAT GGATATCCCC TGGAGAATCC 

CGGTGCCGAG GCCGCTCAAT TGGTCGTAGA CAGCTCTAGC 

ACCGCTTAAA CGCACGTACG CGCTGTCCCC CGCGTTTTAA 

CCGCGAAGGG GATCGCTCCC TAGCGTCCAG GCACGTGTCA 

GATCGATACA TCCTGTGCGA TATCGATG 
Minor 

groove 

(4x177) 

GATCTTCATG GATATCCCCT GGAGAATCCC GGTGCCGAGG 

CCGCTCAATT GGTCGTAGAC AGCTCTAGCA CCGCTTAAAC 

GCACGTACGC GCTGTCCCCC GCGTTTTCGC CGCCAAGCGG 

ATTACTCCGT AGTCTCCCGG CACGTGTCGG ATATATACAT 

CCTGTGCGAT ATCGATGGAT CTTCATGGAT ATCCCCTGGA 

GAATCCCGGT GCCGAGGCCG CTCAATTGGT CGTAGACAGC 

TCTAGCACCG CTTAAACGCA CGTACGCGCT GTCCCCCGCG 

TTTTCGCCGC CAAGCGGATT ACTCCGTAGT CTCCCGGCAC 

GTGTCGGATA TATACATCCT GTGCGATATC GATGGATCTT 

CATGGATATC CCCTGGAGAA TCCCGGTGCC GAGGCCGCTC 

AATTGGTCGT AGACAGCTCT AGCACCGCTT AAACGCACGT 

ACGCGCTGTC CCCCGCGTTT TCGCCGCCAA GCGGATTACT 

CCGTAGTCTC CCGGCACGTG TCGGATATAT ACATCCTGTG 

CGATATCGAT GGATCTTCAT GGATATCCCC TGGAGAATCC 

CGGTGCCGAG GCCGCTCAAT TGGTCGTAGA CAGCTCTAGC 

ACCGCTTAAA CGCACGTACG CGCTGTCCCC CGCGTTTTCG 

CCGCCAAGCG GATTACTCCG TAGTCTCCCG GCACGTGTCG 

GATATATACA TCCTGTGCGA TATCGATG 

80 

 

 

 

 

 

  



2. Supporting figures 

(a) 

 

 

(b)  

 
Figure S1. (a) Typical 5% PAGE gel of DNA repeats for preparation of tetra-nucleosomes. (b) 

Typical digestion pattern of DNA fragments with BstUI restriction enzyme examined using a 5% 

PAGE gel.  

  



(a) 

 

(b) 

 
 

Figure S2. (a) Histone H2B proteins labeled with Alexa488 at the T112C position. Lane 1 and 3: 

wild-type core histone proteins with and without coomassie blue staining. Lane 2 and 4: H2B-

T112-Alexa488 with and without coomassie blue staining.  It is possible to observe the H2B 

band without staining due to the presence of Alexa488. (b) 18% SDS-PAGE of the refolded 

wild-type (wt) and modified histone octamers labeled with Alexa488 at position H2BT112C.  
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Figure S3. (a) Tetra-nucleosome arrays in a 0.8% agarose gel. (b) Digestion pattern of the tetra-

nucleosome arrays with EcoRV. 

 

 

 

 

 

 

 

 

 

 

  



 

 
Figure S4. Typical autocorrelation curve obtained from FCS experiments. D = 13.9m

2
/s, χ

2
 = 

0.60. Tetra-nucleosome with CpGMajor pattern at 100mM KCl.  

  



 

 

Figure S5. Comparison of the diffusivity of Widom-601 tetranucleosome arrays with fluorescent 

labels at position H4S47C and H2BT112C. The calculated diffusivity is 15.91 ± 0.85 and 14.59 

± 0.02 for the arrays labeled at histone H4 and H2B respectively. 

  



 

Figure S6. Sedimentation assay of Widom-601 tetranucleosome arrays. In this assay, tetra-

nucleosome samples with different MgCl2 concentrations (0-6mM) were incubated at room 

temperature for 15 min. The samples were then spun at 15000rpm for 15 min at room 

temperature. The absorbance of the soluble fraction at 256nm was recorded using a 

spectropohotometer (Cary 100 Bio, Cary Varian). The normalized absorbance was calculated as 

the absorbance at different MgCl2 concentrations divided by that of tetra-nucleosomes without 

MgCl2.      
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