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The Effect of DNA CpG Methylation on the Dynamic Conformation of
a Nucleosome
Isabel Jimenez-Useche and Chongli Yuan*
School of Chemical Engineering, Purdue University, West Lafayette, Indiana
ABSTRACT DNA methylation is an important epigenetic mark that is known to induce chromatin condensation and gene
silencing. We used a time-domain fluorescence lifetime measurement to quantify the effects of DNA hypermethylation on the
conformation and dynamics of a nucleosome. Nucleosomes reconstituted on an unmethylated and a methylated DNA both
exhibit dynamic conformations under physiological conditions. The DNA end breathing motion and the H2A-H2B dimer desta-
bilization dominate the dynamic behavior of nucleosomes at low to medium ionic strength. Extensive DNA CpG methylation,
surprisingly, does not help to restrain the DNA breathing motion, but facilitates the formation of a more open nucleosome confor-
mation. The presence of the divalent cation, Mg2þ, essential for chromatin compaction, and the methyl donor molecule SAM,
required for DNA methyltransferase reaction, facilitate the compaction of both types of nucleosomes. The difference between
the unmethylated and the methylated nucleosome persists within a broad range of salt concentrations, but vanishes under
high magnesium concentrations. Reduced DNA backbone rigidity due to the presence of methyl groups is believed to contribute
to the observed structural and dynamic differences. The observation of this study suggests that DNA methylation alone does not
compact chromatin at the nucleosomal level and providesmolecular details to understand the regulatory role of DNAmethylation
in gene expression.
INTRODUCTION
DNA in eukaryotic cells is folded into a compact form by
wrapping around a protein complex, i.e., histone octamer
(1,2). This structural assembly, known as chromatin, plays
an important role in regulating gene expression by control-
ling the accessibility of DNA to the transcriptional
machinery. The nucleosome is the building block of a
chromatin fiber. The high-resolution crystal structure of
a nucleosome has revealed the atomic details of this basic
unit as composed of 147 bp DNAwrapped around a histone
octamer (1). Instead of assuming a static conformation, the
nucleosome complex is highly dynamic (3,4). These
dynamic features, originating from different types of histone
variants, histone posttranslational modifications, and DNA
modifications, also known as epigenetic modifications,
can have profound effects in gene regulation and cell
growth (3–5).

DNA methylation is the most common epigenetic mark
that occurs at the DNA level. A healthy mammalian
genome is normally filled with >107 methyl groups (6).
An aberrant DNA methylation pattern, especially in the
promoter region, is closely correlated with the development
and the progression of cancer and neurological diseases
(7,8). DNA hypermethylation has been shown to lead to
the formation of heterochromatin and gene silencing in
various cell studies (7,9). However, how DNA methylation
regulates gene expression in eukaryotic cells is still an
open question. The prevailing opinion suggests that DNA
methylation provides preferential binding sites for specific
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proteins, i.e., MeCP2, which helps to recruit other nucleo-
some-binding proteins and synergistically promotes the
compaction of methylated chromatin (10,11). Meanwhile,
there are other studies suggesting that DNA methylation
can directly regulate the accessibility of chromatin, by
affecting the conformation and dynamics of the formed
nucleosome complexes (12–14). The existing experimental
evidence accounting for the role of DNA methyla-
tion in modulating chromosome conformation does not
align well with each other. Whether DNA methylation
can directly modulate chromosome conformation remains
controversial.

Our study aims to address this issue by evaluating nucle-
osome conformation and stability using a time-domain fluo-
rescence lifetime spectroscopy approach. Using the DNA
sequence with the highest known binding affinity to a nucle-
osome, i.e., the Widom-601 sequence (15), we reconstituted
nucleosomes with different DNA methylation features. We
quantified the effects of DNA methylation on the conforma-
tional and dynamic features of the reconstituted nucleo-
somes under a broad range of buffer conditions. Our
results suggest that nucleosomes assume a dynamic confor-
mation independent of the DNA methylation level, similar
as suggested by existing literature (16–18). However, under
various buffer conditions examined in this study, DNA
methylation alone does not directly compact a nucleosome,
but leads to a more open nucleosome conformation with
enhanced DNA end breathing motion. This finding is
different from what has been reported previously in the
literature (12).
http://dx.doi.org/10.1016/j.bpj.2012.11.012

mailto:cyuan@purdue.edu
http://dx.doi.org/10.1016/j.bpj.2012.11.012
http://dx.doi.org/10.1016/j.bpj.2012.11.012


The Effect of DNA CpG Methylation on a Nucleosome 2503
MATERIALS AND METHODS

Preparation of fluorescently labeled nucleosome
samples

We used a 157 bp DNA fragment to reconstitute nucleosomes in this study.

The detailed DNA sequence is shown below:

ACTCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGT

AGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCC

GCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACG

TGTCAGATATATACATCCTGTGCAGT.

This sequence consists of a 147 bpWidom-601 (15) sequence with a 5 bp

linker DNA (italics) on both ends. The sequence contains 13 CG sites

(underlined). Nucleosome samples are prepared by mixing fluorescently

labeled DNA fragments with refolded recombinant histone octamers.

The labeled DNA fragments are produced by polymerase chain reaction

(PCR), using primers that have a fluorescent label on their 50 ends. The PCR
products are then purified using a PCR purification kit to remove unincor-

porated nucleotides and primers. The purified DNA fragment has a com-

parable purity to the same DNA sequence purified using an ion-exchange

HPLC approach. Two types of fluorescently labeled DNAs, i.e., a FAM-

labeled and a FAM-TAMRA dual-labeled DNA, are prepared in this study.

The fluorescence labeling efficiencies of the purified sample are character-

ized using their absorption spectrums. The labeling efficiency of a TAMRA

dye to a DNA fragment is found to be around 99% (see the Supporting

Material). The purity of the DNA fragment is examined using a 10%

polyacrylamide gel with 0.5X Tris-borate-EDTA (TBE) buffer at room

temperature (Fig. S1).

DNA cytosine methylation is introduced to all the CpG sites flanking the

DNA sequence by a methyltransferase reaction. A CpG methyltransferase,

i.e., M.SssI (New England Biolabs, Ipswich, MA), is used in this study. The

reaction is carried out using standard buffer at 37�C overnight. The

methyltransferase is then deactivated by heating to 65�C for 20 min and

removed using phenol. The completion of the methylation reaction is veri-

fied using BstUI restriction enzyme, whose cleavage ability is blocked by

CpG methylation. A typical BstUI digestion pattern of the prepared DNA

fragments is shown in Fig. 1. The methylation reaction does not affect

the labeling efficiency of the conjugated fluorescence dyes, as verified using

absorption spectrums. The methylated DNA fragments exhibit complete

resistance to BstUI digestion suggesting that all CpG sites of DNA are

completely methylated. The completely methylated DNA fragments are

later reconstituted into a nucleosome. Unmethylated and methylated

DNA templates are prepared multiple times (>3), and are reconstituted

into nucleosomes in multiple batches (>5).

Histone octamers are refolded using four types of recombinant Xenopus

laevis histone proteins, i.e., H2A, H2B, H3, and H4. These four types of

proteins are individually expressed and purified using an established

protocol, as described in previous literature (19). The four types of histone

proteins are then mixed at a stoichiometric ratio and refolded into an
FIGURE 1 BstUI digestion pattern of different DNA fragments. Lane 1:

PCR synthesized DNA fragments; lane 2: DNA fragments reacted with

M.SssI for 2 h; lane 3: DNA fragments reacted with M.SssI for 1 h; and

lanes 4 and 5: control lanes.
octamer complex. The refolded histone octamers are purified and then

mixed with the appropriately labeled DNA fragments to reconstitute

a nucleosome core particle using a salt gradient. All nucleosomes are

incubated at 40�C for 2 h to facilitate the positioning of a histone octamer

on the central location of the DNA template (19). The quality of each

reconstituted sample is examined using 5% (Fig. 2) and 8% (Fig. S2)

polyacrylamide gels. The polyacrylamide gels are run in 0.25X TBE

buffer at 4�C. These polyacrylamide gels are commonly used to resolve

multiple translational settings of nucleosomes (19,20). Due to the strong

positioning effects of the Widom-601 sequence, the reconstituted nucleo-

somes exhibit a single band on both polyacrylamide gels, suggesting that

the formed nucleosome assumes a single DNA translational setting.

During the assembly of a nucleosome particle, we also adjust the stoichio-

metric ratio between DNA and histone octamer to eliminate the existence

of unbound DNA fragments (free DNA) in the nucleosome sample. Un-

bound DNA fragments are not observed in our PAGE results (Fig. 2).

Free DNA, therefore, is not expected to contribute to the measured fluo-

rescence signals.

We also monitored the solubility of nucleosomes under various salt

concentrations being explored in this study using a similar sedimentation

assay as described in (21). Nucleosomes remain largely soluble within

the various salt concentrations being explored in this study.
Time-domain fluorescence lifetime
measurements

Time-domain fluorescence measurement is a widely used spectroscopy

approach to explore the structure and dynamics of biological molecules

(22–24). Compared with steady-state experiments, time domain measure-

ments are more informative by providing more insights into the subpopula-

tion of fluorescence species that coexist in the sample. The time-resolved

fluorescence decay curve can routinely resolve the relative intensity of

two fluorescent species (see the Supporting Material). In this case, it can

provide us with detailed information about the breathing of DNA ends

entering and exiting a histone octamer surface, which accounts for the

dynamic feature of a nucleosome (Fig. 3). Although this approach cannot

provide details of individual molecules as in a single-molecule experiment,

it can be performed at relatively high nucleosome concentrations, which

prevents the occurrence of dilution-induced nucleosome dissociation

events (25,26).

Time domain fluorescence decay curves are collected using fluores-

cently labeled nucleosome samples. The sample concentration is kept

above 1 mM by titrating in unlabeled nucleosomes (reconstituted in vitro

using recombinant histone proteins). The sample integrity during the

fluorescence measurements is monitored by a 5% polyacrylamide gel.

All time-domain fluorescence decay curves are collected at room tem-

perature with a ChronosBH lifetime spectrometer (ISS, Champaign, IL).

The samples are excited with 440 nm, 20 MHz laser pulses. A narrow
FIGURE 2 A typical 5% polyacrylamide gel of DNA and reconstituted

nucleosomes. Lanes 1–3: Reconstituted nucleosomes; lanes 4–8: 157 bp

DNA fragments. da: dual-labeled sample. d: FAM-only labeled sample.

The gel was run for 3 h in 0.25X TBE buffer at 4�C and 150 V.
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FIGURE 3 Schematic drawing of the DNA breathing motion and dimer

destabilization of a nucleosome.

FIGURE 4 A typical time-domain fluorescence decay curve collected

using dual-labeled nucleosome samples. The curvy residual pattern from

the one-component fitting indicates the existence of a secondary fluores-

cence species in the sample. The values of c2 in one-component and

two-component fitting are 4.82 and 1.02, respectively. The one-component

fitting gives a single lifetime (t) of 2.62 ns. The two-component fitting gives

two lifetimes of 1.52 ns (t1) and 3.50 (t2), and a fraction of the short

lifetime (f1) at 0.432.
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emission filter (505–545 nm) is applied to separate the donor dye fluores-

cence emission from the direct excitation beam as well as to prevent

collection of fluorescence emission from the acceptor dye. The decay

curve is calculated using the equipped time-correlated single photon

counting card. The decay curves are analyzed using the Vinci

Fluorescence Spectroscopy Analysis software (ISS, Champaign, IL).

The detailed equation used to analyze the decay curves (I(t)) is listed

in Eq. 1:

IðtÞ ¼
Xn

i¼ 1

ai exp

�
� t

ti

�
: (1)

In this expression, I is the collected decay curves decoupled with the

instrument response function, ti is the decay time, ai represents the ampli-

tudes of each component at time t ¼ 0, and n is the number of decay times

(27,28). The value of n is dependent on the number of distinctive fluores-

cence species that coexist in the sample (the detailed approach to identify n

is included in the Supporting Material). In addition to the multiple-compo-

nent model as shown in Eq. 1, a fluorescence decay curve can also be

analyzed using a distribution function. However, we selected the

multiple-component model over the distribution model based on existing

single-molecule experimental evidence suggesting that a nucleosome can

assume a close and an open state as illustrated in Fig. 3 (16–18, and

see 30).

The fluorescence decay curves of both the donor-only and the donor-

acceptor labeled nucleosomes are collected in this study. Typical time-

domain fluorescence decay curves collected using nucleosome samples

containing either a donor molecule or a fluorescence resonance energy

transfer pair are presented in the Supporting Material (Fig. S3). The fluores-

cence lifetime of the donor (FAM) molecules collected in the absence (td)

and the presence (tda) of acceptor molecules (TAMRA) can be obtained

from model analysis. These two values can provide the detailed spatial

information about the ends of DNA that surround a histone octamer

following Eq. 2:

E ¼ 1

1þ
�

r

R0

�6
¼ 1� tda

td
: (2)

In this expression E is the energy transfer efficiency, r is the distance

between the donor and the acceptor labels, i.e., the distance between the

DNA entry/exit sites to a nucleosome, and R0 is the Förster distance,

which corresponds to 5 nm based on the calibration experiments

performed using a short 17 bp DNA fragment (Fig. S4) and theoretical

calculations (29). Different ionic strengths do not affect the Förster

distance, as monitored by anisotropy and Förster distance calibration

experiments (Figs. S5–S10).
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RESULTS

Reconstituted nucleosomes exhibit significant
DNA breathing motion under physiological
conditions

It has been long postulated that a nucleosome will assume
a dynamic structure under physiological conditions (30).
This dynamic feature can be reflected as the two DNA
ends that enter and exit a nucleosome structure assume
different spatial organizations. This type of variation in
nucleosome conformation is commonly known as the
DNA breathing motion and has been previously reported
in both steady-state and single-molecule experiments
(16–18,30). Time-domain fluorescence spectroscopy is
capable of revealing the subpopulations of different fluores-
cence species and can be performed at relatively high
concentrations (mM) so that nucleosomes retain the same
dynamic features as under a typical cell nucleus condition.
The analysis of the time-domain fluorescence decay curves
of our study unambiguously suggests the existence of the
DNA breathing motions (Fig. 3) over a broad range of salt
concentrations.

Fig. 4 illustrates a typical time-domain fluorescence
decay curve collected using a nucleosome sample contain-
ing both donor and acceptor labels. The decay curves are
consistently best fitted using a two-component model,
which suggests the existence of two distinctive fluorescence
species. The c2 values of a one- and two-component fitting,
as shown in Fig. 4 are found to be 4.82 and 1.02,
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respectively. The two nucleosomal conformations observed
in this study have DNA end-to-end distances that vary
by>2.5 nm. This distance variation, if arising from different
DNA translational settings, would require at least 10 bp
shifting in histone octamer location, which should appear
as a second band on an 8% native polyacrylamide gel.
The reconstituted nucleosome only exhibits a single band
on the polyacrylamide gel as shown in Fig. 2 and Fig. S2.
Furthermore, the nucleosome samples do not contain any
free DNA. Combining all of these, we expect that the two
fluorescence species we observed in our experiments corre-
spond to two distinctive nucleosome conformations that
coexist in the measured samples. These two conformations
are expected to reflect the dynamic structural feature of a
nucleosome, i.e., DNA breathing motions as illustrated in
Fig. 3, although the relative abundance of these two confor-
mations reveals the equilibriumbetween the two nucleosomal
states, i.e., the compact and the open state of a nucleosome.

Based on the measured fluorescence lifetime, we can
quantify the distance between DNA ends using their indi-
vidual energy transfer efficiencies. The two distinctive
distances observed under low salt concentrations are
summarized in Fig. 5. At 120 mM KCl, the DNA end-to-
end distance of a nucleosome in compact and open state is
found to be 4.5 and 6.5 nm, respectively. Comparing with
the DNA end-to-end distance measured within a crystal
structure (4.9 nm, PDB 1ZBB), we find that the distance
of the compact conformation (4.5 nm) is close to the one
measured in the crystal structure. The open-state of a nucle-
osome, primarily due to DNA end breathing motion, cannot
be observed in a crystal structure due to the close packing of
molecules within the crystal lattice. The average DNA end-
to-end distance that we report here (5.3 nm) is comparable
or slightly smaller than the average DNA end-to-end
distance values reported in literature (31). The variation
in DNA end-to-end distance between a compact and an
open nucleosome conformation is around 2-3 nm for nucle-
osomes reconstituted using both unmethylated and methyl-
ated DNA. This suggests that roughly 8–12 DNA basepairs
FIGURE 5 The distances between DNA ends enter/exiting a nucleosome (d1: c

(b) 120 mM KCl concentrations. (c) The fraction of the compact nucleosome w

* represents p-value < 0.02, # represents p-value < 0.002.
are involved in the temporary binding and unbinding to
a histone octamer surface either on one linker DNA or
distributed between both linker DNAs. The fraction (f1)
corresponds to the relative abundance of nucleosomes in
the compact conformation. This number can therefore be
used to measure the equilibrium of the DNA breathing
motion. Nucleosomes with different DNA methylation level
exhibit similar two-state conformations originating from the
DNA breathing motion.
The effect of monovalent counterions on the DNA
breathing and nucleosome dissociation
dynamics

The dynamic feature of nucleosomes, i.e., partial and full
dissociation of DNA from the histone octamer surface, is
closely related to many cellular events that require the
participation of DNA fragments. One of the major forces
that stabilize a nucleosome is the electrostatic interaction.
Modulating the buffer ionic strength is, therefore, expected
to affect the nucleosome stability and reveal the dynamic
behavior of nucleosomes when they participate in different
enzymatic reactions such as replication and transcription.

Fig. 6 summarizes the dependence of nucleosome confor-
mations under different ionic strengths, adjusted by different
potassium chloride concentrations. Fig. 6 a describes the
dependence of the averaged fluorescence lifetime calculated
based on the fraction-weighted fluorescence lifetimes. With
increasing ionic strengths, the average fluorescence life-
times of dual-labeled nucleosomes increase. This trend indi-
cates that nucleosomes assume a less compact conformation
with two DNA ends further away from each other. A
detailed analysis of the respective compact and open confor-
mations further reveals the structural details of the dynamic
nucleosome conformations, as illustrated in Fig. 6, b and c.
At low ionic strength, i.e., [KCl] < 200 mM, the DNA end-
to-end distances corresponding to two different conforma-
tions, remain almost independent of salt concentrations.
The fraction of the compact nucleosomes fluctuates within
ompact nucleosome; d2: open nucleosome) measured under (a) 10 mM and

ithin the whole nucleosome population. Data points: mean 5 1s, n ¼ 21.
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FIGURE 6 The effect of different monovalent counterion on (a) the fraction weighted averaged fluorescence lifetime; (b) the DNA end-to-end distances of

the compact and the open nucleosome conformation; (c) the fraction of the compact nucleosome; and (d) the equilibrium constant between the open and the

compact nucleosome conformation. All KCl concentrations are in mM. DNA starts to dissociate from the nucleosome complex in the dotted regions. Data

points: mean 5 1s, n ¼ 21. * represents p-value < 0.02, # represents p-value < 0.002.
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this concentration range, as suggested in Fig. 6 c. The slight
increase in compact nucleosome population as observed on
the leftmost part of this concentration range originates from
the surface charge neutralization due to increasing coun-
terion concentrations. The equilibrium constant between
these two conformations can be calculated using Eq. 3,
where f1 is the fraction of the compact nucleosomes:

Ke; apparent ¼ 1� f1
f1

: (3)

These calculated apparent equilibrium constants are
plotted versus salt concentrations, as in Fig. 6 d. Similar to
the fraction numbers, the equilibrium constant remains
almost a constant at low salt concentrations. The predomi-
nant nucleosome dynamics originate from the breathing
motion of DNA ends. The nucleosome complex remains
stable without any significant protein or DNA dissociation,
agreeing with previous nucleosome dynamic studies (30,32).

As salt concentration increases further, the accumulation
of Kþ counterions starts to screen out the attraction forces
that hold a nucleosome together. As a result, the averaged
fluorescence lifetime of the nucleosome sample starts to
Biophysical Journal 103(12) 2502–2512
increase at salt concentrations above 200 mM. This salt
concentration is similar to the previously reported value of
the onset of temporary H2A-H2B dimer dissociation from
a histone octamer interface (32). The compact conformation
remains unaffected within these moderately high salt
concentrations. The open nucleosome conformation, on
the other hand, shows that the DNA ends move further
away from each other. Meanwhile, the relative abundance
of compact nucleosomes gradually decreases, and the
apparent equilibrium constant measured between the com-
pact and the open nucleosome conformation increases
abruptly with increasing salt concentrations.

As salt concentration increases further to above 600 mM,
nucleosome destabilization becomes apparent. DNA end
breathing, H2A-H2B dimer dissociation, and DNA dissoci-
ation can happen simultaneously. The detailed analysis of
each individual nucleosome conformation is therefore
rendered infeasible using current experimental techniques.
Because this concentration deviates significantly from phys-
iological conditions, the related nucleosome dynamics will
not be discussed in this work.

Based on the previous observations, the nucleosome
exhibits distinctive conformational fluctuations at low to



The Effect of DNA CpG Methylation on a Nucleosome 2507
medium ionic strength. DNA breathing motion dominates in
low KCl concentration below 200 mM. When salt concen-
tration increases further, the apparent equilibrium constants
exhibit a distinctive transition, indicating the onset of
a different dynamic behavior in nucleosomes. Existing
knowledge of nucleosome stability under different ionic
strengths indicates that conformational transitions related
to dimer destabilization start at monovalent concentrations
just above 200 mM (32). Similar transition is observed in
our data.

Although the unmethylated and the methylated samples
deviate from each other in their detailed conformations
during the disassembling process, the general dissociation
pathways remain similar to each other.
The effect of Mg2D ions on the conformational
dynamics of a nucleosome

Divalent counterions, e.g., Mg2þ are commonly used to
induce the compactness of nucleosomes and nucleosome
arrays (33,34). High Mg2þ concentration above 5 mM is
known to promote the self-association of nucleosomes and
lead to the formation of nucleosome aggregates. However,
there is little literature evidence examining the role of
divalent counterions on the dynamics of a nucleosome.
This work will quantify the effects of low Mg2þ concentra-
tion (<2 mM) on the DNA breathing dynamics as observed
at low ionic strength.

The existence of a low concentration of Mg2þ lowers the
measured averaged fluorescence lifetime, as illustrated in
Fig. 7. This indicates that the nucleosomes assume more
compact conformations with an excessive amount of
Mg2þ counterions. Detailed analysis of the two nucleosomal
subpopulations further reveals that the conformations of the
compact nucleosome are mostly affected by increasing
Mg2þ concentrations. The existence of divalent counterions
brings the two labeled DNA ends closer to each other by
around 0.5 nm. The compaction saturates ~1 mM, and the
FIGURE 7 The effect of different divalent counterion on (a) the fraction weigh

compact and the open nucleosome conformation; and (c) the fraction of the com

samples are statistically different from each other with p-value < 0.05 up to [M
compact nucleosomes assume a steady conformation there-
after. A similar trend is observed for the fraction (f1) of the
compact nucleosomes. The open nucleosome conformation,
on the other hand, remains unaffected. However, as the diva-
lent counterion concentration further increases, its ionic
effect will dominate and an increase in the end-to-end
distance of the open nucleosome conformation is observed
at MgCl2 concentrations above 1.5 mM. Similar effects of
Mg2þ are observed for both unmethylated and methylated
nucleosomes.
The effect of a methyl-group donor (SAM) on
nucleosome dynamics

S-Adenosyl methionine (SAM) is a common methyl donor
used in all de novo methyltransferase reactions. In addition
to participating in the enzymatic reactions, this molecule
also behaves as a polycounterion under physiological condi-
tions. The concentration of SAM molecules is convention-
ally used as a methylation index in the cell environment,
suggesting the on and off state of chromatin (35). However,
how the local enrichment of this methyl donor molecule can
directly affect the conformation and dynamics of nucleo-
somes has not been well characterized. In this study, we
evaluate the conformational transitions of fluorescently
labeled nucleosome particles under different SAM concen-
trations. The results are summarized in Fig. 8.

SAM concentration in a typical cell nucleus environment
can vary from 10 mM to several hundreds of micromolars. A
typical in vitro DNA methylation requires the presence of
SAM molecules at a concentration around 160 mM. Under
similar or even lower SAM concentrations, we observed
that the nucleosome conformation undergoes a compaction
process, resulting from the presence of excessive SAM
molecules. Existence of SAM molecules promotes the
prevalence of the compact nucleosome conformation.
Meanwhile, the compact conformation further closes, with
the two DNA ends getting closer to each other. This
ted averaged fluorescence lifetime; (b) the DNA end-to-end distances of the

pact nucleosome (the averaged fraction of the unmethylated and methylated

gCl2] ¼ 0.5 mM using a t-test). Data points: mean 5 1s, n ¼ 11.

Biophysical Journal 103(12) 2502–2512



FIGURE 8 The effect of different SAM concen-

trations on (a) the fraction of the compact nucleo-

some state (the fractions of the unmethylated and

methylated samples are statistically different

from each other with p-value < 0.02 using a

t-test); and (b) the conformations of the two nucle-

osomal states. Data points: mean 5 1s, nunmet ¼
28, nmet ¼ 21. The sample contains 10 mM KCl

and 0 mM MgCl2.
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phenomenon is similar to the previously observed effects of
divalent counterions (Mg2þ). Surprisingly, the presence of
methyl donor molecules by itself can affect the compaction
of nucleosomes.

Unmethylated and methylated nucleosomes show a
similar compaction trend under the SAM gradient.
DISCUSSION

Dynamics of nucleosomes under different buffer
conditions

The dynamic features of a nucleosome have been studied
previously using steady-state and single-molecule fluores-
cence experiments (12,16–18,30,31). The fluorescence life-
time spectroscopy used in this study is unique in its
capability of resolving the existence of multiple fluores-
cence species at a relatively high nucleosome concentration
(22–24,27). The experimental findings unambiguously
confirm the existence of two nucleosome conformations in
equilibrium, covering a broad range of salt concentrations,
including the physiological condition. At low salt concen-
trations, the coexistence of an open and a compact confor-
mation of a nucleosome is believed to originate from the
breathing motion of DNA ends. This dynamic feature makes
the nucleosomal DNA sequence more accessible and gener-
ates kinetic binding sites for external protein factors.
The equilibrium between these two conformations can be
affected by different buffer compositions, suggesting that
Biophysical Journal 103(12) 2502–2512
chromatin compactness can be further modulated by the
activity of counterions and small molecules transported
across the nuclear membrane.

To gain more insights into the thermodynamic feature of
these two conformations, we calculate the apparent equilib-
rium constants between the open and the compact confor-
mation. The apparent equilibrium constants obtained at

low salt concentrations fluctuate around a constant value

(1.1 and 1.3 for unmethylated and methylated samples,

respectively) and show a weak dependence on the salt

concentrations, as shown in Fig. 9 a. The slightly curved

feature at low ionic strength reflects the initial charge

neutralization due to the presence of excessive amounts of

counterions followed by the electrostatic screening that

compromises the attraction forces between DNA ends and

a histone octamer surface. Within these low salt concentra-

tions, the histone octamer remains almost intact (32,36).

The transient peeling off of DNA end fragments from

a histone octamer surface, therefore, dominates the dynamic

motion observed in this concentration range. The variations

of DNA end-to-end distances as measured in the open and

compact nucleosome conformations indicate that there are

a few DNA bases (~8–12 bp) contributing to the DNA end

breathing motions.
Two possible DNA breathing motion mechanisms can

account for the open state of the nucleosomes, as indicated
in Fig. 3. In those mechanisms, the DNA ends can peel off
the histone octamer surface in a symmetric or asymmetric
FIGURE 9 The equilibrium constants of (a) the

DNA breathing motion and (b) the dimer destabili-

zation fitted using linear functions.
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way as suggested in previous works (30,37–39). Our current
labeling scheme cannot differentiate between symmetric or
asymmetric unwrapping. However, the conformational and
thermodynamic comparison between the unmethylated and
methylated samples should still be valid.

Introducing CpG methylation to 13 distinctive CpG sites
on the DNA backbone can affect the equilibrium constants
between these two states. The equilibrium constants of
DNA breathing motions (Kb), equivalent to the measured
apparent equilibrium constant within a low salt concentra-
tion range, are found to be 1.1 5 0.1 and 1.3 5 0.1 for
unmethylated and methylated nucleosomes, respectively.
The difference between these equilibrium constants is
~20%. A t-test for comparison of means showed that these
equilibrium constants are statistically different from each
other at a 99.9% confidence level.

Single-molecule experiments have shown that at low
salt concentrations the equilibrium constant, calculated as
Keq ¼ [open nucleosome]/[compact nucleosome], similar
to our definition in this study, can vary between 0.1 and
1.45 (16,18). The broad range of equilibrium constants
arises from nucleosome dissociation due to low sample
concentrations used in single-molecule experiments. In
bulk experiments, i.e., steady-state fluorescence, the equilib-
rium constant values are reported to be in the order of 0.1
(30). However, these experiments are based on an important
assumption that at low salt concentration, i.e., 10 mM, the
nucleosome assumes a fully compact conformation without
any DNA end breathing (Keq,10 mM ¼ 0) (30). This assump-
tion is not supported by our experimental findings in this
study. The equilibrium constants that we report in this study
agree well with the findings of single molecule experiments.

With a further increase of ionic strength, the apparent
equilibrium constants exhibit an abrupt transition, and the
relative ratio of the open conformation starts to increase.
Meanwhile, the distances between the two ends of the
open conformation become even larger. This transition is
observed at salt concentrations of around 200–250 mM,
similar to a previous observation (32). It suggests the onset
of new dynamic behaviors of nucleosomes within this
concentration region. Different from the observation at
low ionic strength, the apparent equilibrium constant
exhibits a significant dependence on salt concentrations.
This new dynamic feature can be captured by decoupling
the effects of DNA breathing motion from the measured
apparent equilibrium constant. The equilibrium constant
of the DNA breathing motion remains relatively indepen-
dent of salt concentrations, and is, therefore, considered as
a constant. This new equilibrium constant (Kd) associated
with further dissociation of a nucleosome (as illustrated in
Fig. 3), can be calculated using Eq. 4:
Kd ¼ Ke; apparent

Kb

� 1: (4)
The calculated dissociation constants exhibit a power law
dependence on the salt concentrations, as illustrated in
Fig. 9 b. The slope of the linear fitting function can be
used to reveal the number of ion pairs that are involved in
this dissociation process (32,40). The number of ion pairs
found for unmethylated and methylated nucleosomes are
4.2 5 0.2 and 4.4 5 0.3, respectively. These numbers are
consistent with the number of ion pairs that have been previ-
ously reported to be associated with histone H2A-H2B
dimer destabilization (32). The observed open nucleosome
conformation is expected to include contributions from
both the DNA end breathing and the histone H2A-H2B
dimer dissociation. The octamer stability, H2A-H2B dimer
partial dissociation in particular, is most likely to dominate
the nucleosome dynamics at this moderately high ionic
strength. DNA methylation does not affect H2A-H2B dimer
destabilization.

As salt concentrations increase further (>600 mM), in
addition to the already observed dynamic features, H2A-
H2B dimer will start to dissociate from the nucleosome
complex, and DNA will start to peel off from a histone
octamer surface. Multiple fluorescence species (>4) are
expected to coexist in the nucleosome samples, which will
be impractical to differentiate using time-domain fluores-
cence spectroscopy. The high ionic strength bears little simi-
larity to in vivo conditions; it will therefore not be discussed
in this work.

The presence of divalent counterions can bridge the inter-
actions between DNAmolecules, in addition to affecting the
ionic strength of the solution (41,42). In this study, the pres-
ence of Mg2þ has been shown to affect the equilibrium
between the two nucleosome conformations originating
from the DNA breathing motion. It favors the formation
of compact nucleosomes by restraining the DNA end
breathing motion. Furthermore, the presence of the divalent
counterion leads to a tighter nucleosome conformation. This
more compact structure potentially originates from the
attractive forces between spatially close DNA fragments
mediated by Mg2þ counterions (42). The compaction
process leads to the orientational change of the DNA end
segments and is expected to be reflected in the spatial
arrangement of linker DNA fragments within a chromatin
structure. This finding suggests that divalent counterions,
i.e., Mg2þ, can affect chromatin folding by modulating the
detailed nucleosome conformation in addition to bridging
the interactions between neighboring nucleosomes.
The effect of DNA methylation on the
conformation and stability of a nucleosome

It has long been postulated that DNA methylation might be
able to lead directly to the compaction of a chromatin fiber,
without help from DNA methylation-specific binding
proteins. However, the current experimental evidence has
been highly controversial.
Biophysical Journal 103(12) 2502–2512
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Our results, obtained using nucleosomes with methylated
and unmethylated Widom-601 DNA sequence suggest that
the presence of DNA methylation does not directly compact
a nucleosome. Instead, it leads to the prevalence of a more
open nucleosome structure. The same results have been
observed using steady-state and time-resolved fluorescence
measurements with a different fluorescence labeling
strategy (Fig. S11). Detailed analysis of the nucleosome
conformations near physiological conditions reveals that
the nucleosome reconstituted on a methylated DNA
assumes a looser, more open conformation, as compared
with the unmethylated one. The two nucleosomal conforma-
tions (compact and open conformation) that coexist in
equilibrium show a different dependence on the DNA meth-
ylation level. The compact nucleosome is unaffected by the
prevalence of methyl groups on the DNA. The open nucle-
osome conformation, on the other hand, exhibits differ-
ences. These differences persist within a broad range of
monovalent salt concentrations. The significance of the
observed difference between unmethylated and methylated
samples is tested using the unpaired t-test with equal vari-
ances. The calculated p-values of nucleosomal features ex-
hibiting dependence on the DNA methylation level are
reported in the captions of Figs. 5–7.

The DNA methylation level also affects the dynamic
feature of a nucleosome, particularly at low monovalent
salt concentrations. Nucleosomes with methylated DNA
backbones exhibit enhanced DNA end breathing motion
(Kb ¼ 1.3 5 0.1) as compared with unmethylated ones
(Kb ¼ 1.1 5 0.1). In other words, the DNA sequences
located within a methylated nucleosome tends to be 20%
more accessible than those in unmethylated nucleosomes,
particularly on the DNA fragments entering/existing a
nucleosome. Because a chromatin fiber consists of hundreds
of thousands of nucleosomes, we expect that small changes
observed at the nucleosome level can be enhanced at the
level of chromatin fiber and become more relevant to
different biological processes.

The presence of the DNA methylation level, however
does not affect the stability of histone octamer. The destabi-
lization of nucleosomes at high monovalent salt concen-
trations (>200 mM), due to H2A-H2B dissociation,
occurs at the same salt concentration with similar strength
independent of DNA methylation level.

Similarly, methylated nucleosomes exhibit a less compact
conformation at low Mg2þ concentrations. However, as
divalent concentration increases, the difference between
the unmethylated and the methylated nucleosome samples
completely diminishes, and these two types of nucleosomes
behave similarly both structurally (the open and the compact
conformation) and dynamically (the apparent equilibrium
constant).

Unexpectedly, these observations suggest that the pres-
ence of DNA methylation can enhance the DNA breathing
motion and cause more DNA nucleotides to be involved in
Biophysical Journal 103(12) 2502–2512
this transient opening up of the compact nucleosome struc-
ture. This difference is likely to arise from the stiffness of
various DNA, which is determined by DNA methylation
patterns. With extensive cytosine methylation, the DNA
backbone is known to assume decreased bending flexibility
(43) and therefore has to overcome larger energetic barriers
to comply with the surface curvature of a histone octamer.
As a result, the formed nucleosome is less thermodynami-
cally stable and can assume a more open structure with
enhanced DNA end breathing motion, as observed in this
study. The reduction in DNA flexibility originates largely
from the spatial confinement between neighboring bases.
The existence of divalent cations can bridge the intramolec-
ular contacts and enhance the elastic properties of a DNA
strand (44). High Mg2þ concentrations are therefore capable
of mitigating the confinement in molecular contacts intro-
duced by methyl groups. It also explains our experimental
observation that the structural and dynamic differences
between differently methylated DNA templates diminish
at high Mg2þ concentrations.

These findings suggest that DNA methylation does not
directly facilitate the compaction of a chromatin fiber at the
nucleosomal level. The different conformations observed
for unmethylated and methylated nucleosome at low ionic
strengths can potentially change the linker DNA entry-exit
angle and lead to the change of orientation of neighboring
nucleosomes and affect the overall compactness of a chro-
matin fiber. Additionally, the observed enhanced DNA
breathing motion of methylated nucleosome can potentially
facilitate the binding of DNA methylation-specific proteins,
e.g., MeCP2, on the DNA fragments entering/existing a
nucleosome. This enhanced binding event can facilitate the
recruitment of other protein factors, e.g., MeCP2, that syner-
gistically accelerate the chromatin compaction process.

The DNA sequence used in this study, i.e., the Widom-
601 sequence, is the DNA sequence with the highest known
binding affinity to a histone octamer surface. A similar
trend, i.e., a larger distance between DNA ends favoring
open nucleosome conformation with an increasing DNA
methylation level, is also observed in nucleosomes with
other DNA sequences (Fig. S12). The effects of DNA meth-
ylation on nucleosome structure is therefore expected to be
representative of the general role of DNA methylation.
However, it is noteworthy that changes in DNA sequence
by itself may have a more profound effect than DNA meth-
ylation in nucleosomal conformation.
Nucleosome dynamics during a typical DNA
methylation reaction

A de novo DNA methylation pattern is introduced to
genomic DNA using different DNA methyltransferase.
Independent of the DNA methyltransferase type, all methyl-
ation reactions require a universal methyl donor, SAM, as
a cofactor. This study reveals that the simple presence of
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SAM molecules can have a significant effect on the
observed conformation and thermodynamics of nucleo-
somes. Due to the zwitterionic nature of SAM, SAM mole-
cules facilitate the compaction of a nucleosome and
suppress the DNA breathing motion. These observations
can explain the previously reported nucleosome compaction
when undergoing an in vitro DNA methylation reaction as
reported by Choy et. al. (12). The nucleosomes with un-
methylated and methylated DNA respond similarly to
increasing SAM concentrations. Throughout the SAM
concentration explored in this study, methylated nucleo-
somes assume a less compact conformation. This unex-
pected role of SAM molecules in nucleosome dynamics
suggests that small molecules present in the cell nucleus,
e.g., Mg2þ and SAM, can potentially modulate nucleosome
conformations by different concentration gradients.
CONCLUSIONS

In summary, our data suggest that a nucleosome assumes
a dynamic structure under the physiological condition.
The DNA breathing motion dominates under low ionic
strengths, followed by a similar dimer destabilization as
suggested in the literature (32). Contrary to our expectation,
the existence of extensive cytosine methylation on the DNA
template is found to slightly open the nucleosome structure
and enhance the DNA breathing motion. However, the
difference between unmethylated and methylated nucleo-
somes diminishes with increasing concentration of Mg2þ.
The existence of Mg2þ, as well as SAM molecules, facili-
tates the compaction of nucleosomes and suppresses the
DNA breathing motion. Furthermore, being the essential
cofactor required in DNA methylation reactions, this
surprising role of SAM molecules in nucleosome stability
can potentially shed light on understanding DNA methyla-
tion-mediated gene silencing and the cross talk between
DNA methylation and histone methylation modifications.
Our results suggest that DNA methylation alone does not
compact a chromatin at nucleosome level, but may modu-
late chromatin compaction via the change of the linker
DNA entry/exit angle and modulate the nucleosome acces-
sibility to DNA methylation-specific proteins.
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