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Background: Nucleosome assembly mediated by histone chaperones and DNA methylation play important roles in gene

regulation.

Results: Dynamics of nucleosome assembly with and without CpG methylation was investigated.
Conclusion: CpG methylation increases the efficiency of nucleosome assembly.
Significance: CpG methylation accelerates nucleosome formation that may facilitate gene packaging in chromatin.

The nucleosome is the fundamental packing unit of the
eukaryotic genome, and CpG methylation is an epigenetic mod-
ification associated with gene repression and silencing. We
investigated nucleosome assembly mediated by histone chaper-
one Napl and the effects of CpG methylation based on three-
color single molecule FRET measurements, which enabled
direct monitoring of histone binding in the context of DNA
wrapping. According to our observation, (H3-H4), tetramer
incorporation must precede H2A-H2B dimer binding, which is
independent of DNA termini wrapping. Upon CpG methylation,
(H3-H4), tetramer incorporation and DNA termini wrapping
are facilitated, whereas proper incorporation of H2A-H2B
dimers is inhibited. We suggest that these changes are due to
rigidified DNA and increased random binding of histones to
DNA. According to the results, CpG methylation expedites
nucleosome assembly in the presence of abundant DNA and
histones, which may help facilitate gene packaging in chroma-
tin. The results also indicate that the slowest steps in nucleo-
some assembly are DNA termini wrapping and tetramer posi-
tioning, both of which are affected heavily by changes in the
physical properties of DNA.

Nucleosomes are the basic packing units of genes in
eukaryotes. Nucleosomes linked in an array format compact
into chromatin and eventually into chromosomes. This struc-
tural organization is implicated in various mechanisms of gene
regulation and maintenance (1). A nucleosome core particle
comprises ~147 bp DNA and an octameric histone core con-
taining two copies of H2A, H2B, H3, and H4 (2). Nucleosomes
are assembled by histone chaperones and chromatin assembly
factors in vivo (3, 4). For in vitro assembly, a salt gradient
method (5) or a histone chaperone can be employed.

Nucleosome assembly protein 1 (Nap1)?is a histone chaper-
one routinely used for in vitro nucleosome assembly under
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physiological ionic conditions (6, 7). Nap1 has been utilized to
investigate the thermodynamics of nucleosome assembly (8).
The binding rates of histones to DNA in the presence of Napl
have also been reported (9). Napl mediates various important
biological activities including H2A-H2B dimer transfer from
cytoplasm to nucleus (10, 11) and nucleosome rearrangement
during transcription (12). Napl binds strongly to histones in
vivo (10, 13) to inhibit nonproductive random interactions
between histones and DNA, which eventually promotes canonical
nucleosome assembly (14). Yeast Nap1 (yNap1l) binds strongly to
both H2A-H2B dimer and (H3-H4), tetramer (the values of K, are
on the order of nm) (15). However, yNap1 competes with DNA for
the dimer with a 10-fold higher affinity than for the tetramer (14).
Based on these findings, it was suggested that a nucleosome core
particle is assembled via tetramer deposition on DNA followed by
dimer incorporation. Although these studies provided valuable
insights into the thermodynamics of nucleosome assembly (8), the
kinetics has yet to be unraveled.

Methylation at the C5 position of the cytosine in a CpG dinu-
cleotide is an epigenetic modification associated with repres-
sive chromatin structures (16, 17). CpG islands, regions char-
acterized by a high content of CpG dinucleotides, are mostly
hypomethylated in normal somatic cells, whereas they are often
hypermethylated in the promoters of tumor suppressors in can-
cer cells (18 -20). These findings support that erroneous CpG
methylation is closely tied to carcinogenesis (21, 22).

Sequence-dependent physical properties of DNA play a key
role in the positioning and structural dynamics of nucleosomes
(23-25). Therefore, modifications on DNA that alter its physical
properties will likely affect the dynamics of nucleosome assembly.
CpG methylation is implicated in repressive chromatin structures
mainly in two ways. Some transcriptional repressors or related
factors bind to methylated CpG and subsequently trigger the for-
mation of a repressive chromatin structure (26, 27). CpG meth-
ylation also rigidifies DNA, thereby directly contributing to the
formation of a repressive chromatin structure (28). We
reported that CpG methylation induces nucleosome compac-
tion and DNA topology change likely due to rigidified DNA
upon methylation (29, 30). A third possibility is that CpG meth-
ylation might affect histone-DNA interactions. Changes in the
rotational positioning of nucleosomes upon CpG methylation
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in Arabidopsis have been reported (31). Similar effects have also
been reported with human and mouse nucleosomes (32). These
results suggest that CpG methylation may induce changes in
the interactions between histones and DNA, which would
affect the dynamics of nucleosome assembly.

We investigated Napl-mediated nucleosome assembly and
the effects of CpG methylation based on single nucleosome
measurements. To observe stepwise nucleosome assembly in
real time in a time-resolved manner, we employed a three-color
single molecule FRET (smFRET) approach that enabled moni-
toring of histone binding in the context of DNA wrapping.
Studying a multi-step process in an ensemble-averaging format
would necessitate separate measurements of multiple sub-
steps, which requires synchronization of the system to various
sub-steps and a lot of materials. These requirements impose a
high technical barrier especially to measurements with CpG-
methylated nucleosomes because currently the only practical
method to obtain controlled DNA methylation is to ligate
chemically synthesized oligonucleotides. Single molecule
methods are useful in this regard as they require only a small
amount of reagents. More importantly, a three-color single
molecule FRET method provided us with an efficient means to
trace the dynamics of DNA wrapping and histone binding
simultaneously. According to our observations, DNA can be
completely wrapped up to the nucleosomal state before H2A-
H2B dimers are properly incorporated. We revealed that DNA
wrapping and (H3-H4), tetramer binding are facilitated and
that canonical dimer binding is inhibited upon CpG methyla-
tion, and these results are in line with rigidified DNA and
increased histone-DNA affinity. Based on these results, we sug-
gest that CpG methylation expedites nucleosome assembly,
which may help facilitate gene packaging in chromatin. Our
results confirm that the physical properties of DNA are critical
factors controlling the efficiency of nucleosome assembly.

EXPERIMENTAL PROCEDURES

DNA Preparation—DNA constructs labeled with Cy3 and
Cy5.5 derived from the SELEX 601 sequence were prepared by
ligating oligonucleotides as reported previously (33, 34). Briefly,
six 40— 80-base-long oligonucleotides were annealed at 95 °C
and gradually cooled down to 5 °C during a 45-min period. Two
of the oligonucleotides were labeled with Cy3 or Cy5.5 (Inte-
grated DNA Technologies, Coralville, IA), and one was labeled
with a biotin for surface immobilization. The DNA sequence
and fluorophore positions are shown in Fig. 1. In the case of
601 + 16 —63 DNA, Cy5.5 dye (KERAFAST, Boston, MA) was
internally labeled via Uni-Link that contains a Cé6-linker (Inte-
grated DNA Technologies). The annealed DNA was ligated
with T4 DNA ligase at 16 °C for 16 h and then purified with a
PCR purification kit (Qiagen). DNA constructs were further
purified with a 2.25% agarose gel. The identical sequences
methylated at all CpG dinucleotides were purchased from the
same source (Integrated DNA Technologies) and were ligated
and purified in the same way.

Protein Preparation—Hiss-Yeast NAP1 histone chaperone
(yYNAP1) was expressed and purified using nickel-nitrilotriacetic
acid resin as described elsewhere (35). Histones were purified and
labeled according to the published protocols (15, 36).
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Single Molecule Three-color FRET Setup—We employed a
one-donor/two-acceptor scheme (37, 38) with Cy3 (donor),
Atto647N (acceptor 1), and Cy5.5 (acceptor 2). Fluorescence
intensities from the three fluorophores (Cy3, Atto647N, and
Cyb5.5) were spectrally separated into three regions by dichroic
mirrors (Chroma Technology, Bellows Falls, VT) (see Fig. 2).
The cutoff wavelengths of the dichroic mirrors are: (i) 620 nm
(see DI in Fig. 2A) to separate Cy3 emission from the others,
and (ii) 690 nm (see D2 and D3 in Fig. 2A) to separate Atto647N
emission from Cy5.5 emission. To block the scattered light
from the laser and reduce the leaks between channels, addi-
tional emission filters were installed, which are HQ655LP (see
F1 in Fig. 2A) for the Atto647N/Cy5.5 channels and HQ 590/
70m (see F2 in Fig. 2A) for the Cy3 channel.

We corrected the fluorescence signals for inter-channel
leaks. The leaks and corresponding correction parameters are
summarized in Fig. 2. We determined the leak parameters («, 3,
7, and ) by measuring the fluorescence intensities in the three
channels with only a single fluorophore present. With the pre-
determined leak parameters, the corrected intensities of the
three fluorophores (73, I, and I ) are calculated by solving
the following three linear equations.

L'=0—a—38) (Eq.1)
leasn' = als + (1 = B)loan + Vlss (Eq.2)
Iss" = 85 + Bleszn + (1 - 7)’55 (Eq.3)

where I, I, ;, and Iy, are the leak-corrected fluorescence
intensities of Cy3, Atto647N, and Cy5.5, respectively. These
corrected intensities still contain systematic errors due to the
wavelength-dependent quantum efficiency of the detector and
the constant attenuation by the emission filters. Therefore, they
cannot be directly used for distance estimation.

Single Molecule FRET Measurements for Nucleosome Assembly—
Surfaces of quartz microscope slides were silanized and subse-
quently coated with polyethylene glycol (PEG, 5000 MW, Lay-
san Bio, Arab, AL), which contains one biotinylated PEG (5000
MW, Laysan Bio) out of a hundred. We passivated a surface
with BSA before immobilizing DNA via biotin-streptavidin
conjugation. For nucleosome assembly measurements, a FRET
pair (Cy3-Cy5.5)-labeled unmethylated or methylated DNA
was immobilized on a slide. We typically saw 100-200 DNA
constructs in an area of 35 X 100 wm on the slide surface. The
histone-Nap1 complex was subsequently injected into the slide.
Histone octamer (0.9 uM) and Nap1 (10.8 um) were incubated
at 30 °C for 1 h in a buffer containing 10 mm Tris-HCI (pH 7.5),
135 mm NaCl, 0.5 mm MgCl,, 1 mm DTT, and 3% glycerol and
diluted to 0.06 um histone octamer and 0.72 um Napl in a
buffer containing 10 mm Tris-HCI (pH 7.5), 100 mm NaCl, 0.5
mwm MgCl,, 1 mm DTT, 0.1 mg/ml BSA, and 3% glycerol before
injection. A mixture of protocatechuate dioxygenase (0.016
unit, Sigma-Aldrich) and protocatechuic acid (1 mwm, Sigma-
Aldrich) in addition to methyl viologen (1 mm) was added in the
buffer to elongate the fluorophore photobleaching lifetime and
stabilize the emission. We started with 0.9 uMm histone tetramer
and 5.4 uMm Napl for the tetrasome assembly reactions. They
were diluted to 0.06 and 0.36 uMm, respectively, for tetramer and
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Nap1 before injection. The buffer conditions and the concen-
trations of all the other components were maintained constant.

Fluorescence signals from individual fluorophores were
imaged on an electron multiplying CCD camera (see Fig. 2). A
series of fluorescence images at a frame rate of 1/50 ms was
recorded until most of the fluorophores in the field of view were
photobleached, which took 20 min. The intensities of Cy3,
Atto647N, and Cy5.5 fluorescence at a given time point are the
brightness of the corresponding groups of pixels on the movie
frame. The time series of fluorescence intensities of Cy3,
Atto647N, and Cy5.5 was obtained from the series of fluores-
cence images contained in a movie, and inter-channel leak-
corrected fluorescence intensities were plotted against the time
elapsed from the injection of histone-Nap1 complex (see upper
charts in Fig. 3, A-C). The FRET efficiencies at each time point
were approximated with the formula FRET . = Ign/(I5 +
I T I5) and FRET, o = I, o /(I3 + I, + I55), where I,
Ioin and I o are the leak-corrected fluorescence intensities of
Cy3, Atto647N, and Cy5.5, respectively (see lower charts in Fig.
3,A-C).

We repeated the single molecule measurements until we col-
lected data from 1500 DNA constructs per case. The cases are
tetrasome assembly with (i) unmethylated and (ii) methylated
601 + 1-73 DNA and nucleosome assembly with (iii) unmethy-
lated and (iv) methylated 601 + 16—63 DNA. Nucleosome
assembly takes place via two different paths; consequently, we
had to collect data twice as often (~3000 DNA constructs) in
the 601 + 16— 63 cases (iii and iv). Therefore, the total number of
DNA constructs observed was ~9000 (= 2 X 1500 for unmeth-
ylated and methylated tetrasome assembly with 601 + 1-73
DNA + 2 X 3000 for unmethylated and methylated nucleosome
assembly with 601 + 16 — 63 DNA). This amount of data collection
requires ~60 stopped-flow single molecule measurements. The
filtering criteria were (i) no photobleaching of fluorophores before
they report nucleosome assembly and (ii) signal-to-noise ratio
greater than 4.0 at 50 ms signal integration. This filtering yields
only 4—8 useful traces out of 100 collected. Dye photobleaching
lifetime and signal-to-noise ratio are independent of nucleosome
assembly, thereby assuring random sampling of data.

Reconstitution of Nucleosomes and Histone/DNA Binding—
Xenopus laevis histone octamer was incubated with yNap1 at
30°C for 1 h in buffer A (10 mm Tris-HCI (pH 7.5), 135 mm
NaCl, 0.5 mm MgCl,, 1 mm DTT, and 3% glycerol). The solution
was subsequently mixed with DNA and incubated for an addi-
tional 4 h at 30 °C in buffer B (10 mm Tris-HCI (pH 7.5), 100 mMm
NaCl, 0.5 mm MgCl,, 1 mm DTT and 3% glycerol). The product
was analyzed with 5% native PAGE ina 0.5X Tris borate-EDTA
buffer. To examine H2A-H2B dimer binding on free DNA,
H2A-H2B dimer in the presence of Napl was incubated in
buffer A at 30 °C for 1 h and then mixed with either unmeth-
ylated or methylated DNA for an additional 4 h in buffer B.

RESULTS

Experimental System Construction for Three-color Single
Molecule FRET—We designed two nucleosomal DNA con-
structs derived from the 147-bp SELEX 601 sequence contain-
ing 15 CpG dinucleotides. The 601 + 1-73 DNA is labeled with
Cy3 at the +1st nucleotide from the dyad and with Cy5.5 at the
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—73rd nucleotide (Fig. 1A4). An Atto647N labeled at histone H4
E63C forms a FRET pair with a Cy3 upon proper binding and
positioning of the (H3-H4), tetramer on DNA (the first step in
Fig. 14). The FRET efficiency between Cy3 and Atto647N is
referred to as FRET . Cy3 and Cy5.5 form a FRET pair upon
DNA termini wrapping, and this FRET efficiency is referred to
as FRET ;. This setup enabled simultaneous monitoring of his-
tone tetramer binding (FRET ;) and DNA termini wrapping
(FRETS, ;).

To monitor H2A-H2B dimer binding to DNA during nucleo-
some assembly, Cy3 was labeled at the +16th nucleotide from
the dyad and Cy5.5 was labeled at the —63rd nucleotide (601 +
16 — 63 DNA shown in Fig. 1B). The histone dimer was labeled
with Atto647N at H2B T112C. The value of FRET ., increases
upon proper binding of a dimer to DNA (Fig. 1B), and the value
of FRET, . increases upon DNA termini wrapping. By following
the time traces of these two FRET efficiencies, we were able to
monitor histone binding in the context of DNA wrapping.

Single Molecule Measurements Enabled Detection of Histone
Binding in the Context of DNA Wrapping—Approximately
100-200 DNA constructs were monitored simultaneously with
wide-field illumination (Fig. 2). Upon injection of labeled his-
tones and Napl, FRET signals in both Atto647N and Cy5.5
channels arise to report histone binding and DNA wrapping.
The FRET efficiencies plotted in Fig. 3 are calculated from fluo-
rescence intensities of the three fluorophores (FRET . =
I647N/(13 + 1647N + 15.5)’ FRET55 = 15.5/(13 + 1647N + 15‘5)’
where Lyye is the fluorescence intensity of the designated dye
corrected for inter-channel leaks; see “Experimental Proce-
dures” for further details).

As shown in Fig. 3, FRET time traces from individual DNA
constructs reveal histone binding in the context of DNA wrap-
ping. We collected data only from DNA showing stable signals
in both Atto647N and Cy5.5 channels to ensure complete
canonical nucleosome assembly within our observation time
(20 min maximum). The observation time was limited by fluo-
rophore photobleaching. We collected data from ~100 nucleo-
somes per case.

Histone (H3-H4), Tetramer Is Required for Stable H2A-H2B
Dimer Incorporation—No FRET signal was observed from
Atto647N or Cy5.5 during the measurements with 601 +
16-63 DNA and Atto647N-labeled H2A-H2B dimers in the
absence of (H3-H4), tetramer, indicating that dimers cannot
bind to DNA stably (with >500-ms lifetime; typical short-term
blinking is in the range of 100200 ms) in the absence of the
tetramer. No sign of DNA wrapping further supports this con-
clusion. We would have observed FRET signals with a wide
range of efficiencies if dimers randomly but stably bound to
DNA, which would result in DNA random coiling. This result
strongly suggests that a tetramer must bind DNA before dimers
can be stably incorporated, which is in good agreement with
previous studies (14, 39).

A Tetrasome Is Assembled via Random Binding of a Tetramer
to DNA Followed by Proper Positioning at the Dyad—Fig. 3A
shows a typical real-time tetrasome assembly process. The
smFRET time traces calculated from the corresponding donor
and acceptor fluorescence intensities reveal stepwise FRET sig-
nal changes. The stepwise increase in FRET,,\, represents
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FIGURE 1. Experimental setup to observe Nap1-mediated nucleosome assembly with three-color single molecule FRET. A, 601 + 1-73 DNA construct
labeled with Cy3 and Cy5.5 mixed with the (H3-H4), tetramer labeled with Atto647N. See the box in B for the identities of the colored diamond fluorophore
labels. B, 601 + 16-63 DNA construct labeled with Cy3 and Cy5.5 mixed with a histone octamer. The histone H2A-H2B dimer is labeled with Atto647N. C, Left
panel, positions of the dyad, + 1st, and —73rd nucleotides. Right panel, positions of the dyad, + 1st,and —63rd nucleotides (Protein Data Bank (PDB) ID: 3MVD).

tetramer positioning at the dyad of DNA followed by DNA ter-
mini wrapping, which is indicated by a stepwise increase in
FRET, .. As tetramer binding affinity for DNA is 10-fold higher
than that to Napl (14), a tetramer-Napl complex interacting
with DNA results in tetramer retention on DNA (40). A
tetramer may bind to DNA initially at a random position and
move to the dyad after some time.

We selected FRET traces that show only a stable (>500 ms
lifetime before photobleaching) and high FRET, ; signal
(>0.5, an approximate FRET efficiency for singly labeled
tetramer binding) followed by a complete DNA wrapping sig-
nature (FRET; ;). We measured the time interval between the
injection and the starting point of a stable high FRET ., signal
(tetramer positioning time) and the time interval between the
starting point of a stable FRET,,; signal and the complete
DNA wrapping signal (termini wrapping time) (Fig. 3A4). The
tetramer positioning time should contain information on both
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random initial binding time (denoted by ¢,’) and stable posi-
tioning time (denoted by t,). The termini wrapping time is the
time during which DNA termini wrap completely to form a
tetrasome (denoted by £,). A set of tetramer positioning times
was collected from ~100 traces to construct a histogram (Fig.
4A). This histogram represents the population growth trajec-
tory of the intermediate with a tetramer properly positioned on
DNA at the dyad. A pictorial description and explanations for
how this histogram is constructed are given in Fig. 3A. The
histogram was fit with a biexponential function to obtain the
values of £," and ¢,. We did not observe unbinding or any change
in the tetramer positioning once a stable high FRET ., signal was
observed. The termini wrapping time histogram was fit with a sin-
gle exponential function to obtain the value of ¢, (Fig. 4B).
Tetrasome Formation Is Facilitated upon CpG Methylation—
We repeated the measurements with CpG-methylated DNA
and obtained the time constants ¢, t;, and t,. According to the
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FIGURE 2. Three-color smFRET measurement scheme. A, instrumental setup. Prism-coupled total internal reflection (TIR) was employed on a commercial
microscope (TE2000, Nikon, Tokyo Japan) with customization. Excitation of the FRET donor (Cy3) was achieved with a laser beam at 532 nm (Laser Quantum,
Stockport, Cheshire, UK). Dichroic mirrors and filters (Chroma Technology) were used to split fluorescence signals according to the spectra, which were imaged
on an electron multiplying CCD camera (iXon+897, Andor Technology, Belfast, Ireland, UK). Symbols: D1, long pass dichroic mirror 620DC; D2 and D3, long pass
dichroic mirrors 690DCXR; M, mirror; F1, long pass filter HQ655LP; F2, band pass filter HQ590/70m; and EMCCD, electron multiplying CCD camera. B, normalized
absorption spectra (dashed lines), emission spectra (solid lines), and detection ranges of Cy3 (green), Atto647N (red), and Cy5.5 (magenta). C, fluorescence signals
detected in the three channels contributed by the three fluorophores. Values of the parameters for inter-channel fluorescence leak correction are listed. I5’,
leazn',@and I5 5" are the three fluorescence channel intensities measured in the three ranges shown in B. I3, lg,4,y, and Is s are the leak-corrected intensities of Cy3,
Atto647N, and Cy5.5, respectively. a is the leak ratio of /5 to the Atto647N channel, B is the leak ratio of /5,y to the Cy5.5 channel, yis the leak ratio of /5 5 to the
Atto647N channel, and § is the leak ratio of /5 to the Cy5.5 channel.
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results (Fig. 4, A and B), proper binding and positioning of a
tetramer on DNA are facilitated by 1.5-fold upon methylation
(£, 120 = 7 s versus 79.9 * 7.1 s), whereas the efficiency of
random binding (¢,") stays the same within error. The DNA
termini wrapping time is also facilitated upon methylation (t,,
90.6 = 6.2 s versus 74.0 = 4.4 s). This result agrees well with Fig.
4E, which also shows efficient termini wrapping upon meth-
ylation. The plots in Fig. 4 are naturally normalized to the total
amount of DNA that we monitored, which is 1500 constructs.
Therefore, the two different levels of assembled nucleosomes at
any time point in Fig. 4E directly reflect the different efficien-
cies of termini wrapping between the methylated and unmeth-
ylated cases. These results indicate that tetrasome formation
becomes facilitated upon CpG methylation.

H2A-H2B Dimers Incorporate Before or After Complete Ter-
mini Wrapping—Next, we monitored the assembly with 601 +
16-63 DNA, (H3-H4),/Napl, and Atto647N-labeled (H2A-
H2B)/Napl. Fig. 3, B and C, show a set of representative
smFRET time traces, revealing that the dimers can be incorpo-
rated into two pre-nucleosomal intermediates. The high
FRET,. states (histone-bound states) are short-lived in many
smFRET traces. According to our analysis, the total emission
from a single ATTO647N fluorophore follows an exponential
decay with an equivalent lifetime of 8.2 = 0.6 s (R® of fitting =
0.99). This short photobleaching lifetime is typical when a fluo-
rophore is labeled at protein and excited at a high power for
single molecule measurements. In some rare traces, we see very
long-lived ATTO647N because the lifetime distribution fol-
lows an exponential decay. If the extinction of the FRET ¢,y
signal is a sign of histone unbinding, we should see repetitive
rebinding and unbinding, which was not the case in our obser-
vation timescale. These analyses verify that the extinction of the
FRET, signal is largely due to photobleaching.

In one set of nucleosomes, dimers are incorporated after
complete tetrasome formation, as is shown in Fig. 3B. Due to
the low labeling efficiency of the dimers (23%), the vast majority
of FRET traces show only a single dimer-binding event. We
plotted the time intervals between DNA wrapping and dimer
incorporation (Fig. 4, C and D). This time interval should reflect
two stepwise incorporations of two dimers, if the events are far
separated in time. However, the quality of the fitting with a
single exponential function is reasonably good, suggesting that
two dimers incorporate either simultaneously or very coopera-
tively. Another possibility is that the vast majority of formed
nucleosomes are hexasomes. According to the dimer labeling
efficiency (23%), we expect that about 5% of the total nucleo-

Dynamics of Nucleosome Assembly

somes should show two-step photobleaching if each contains
two dimers. We observed at least 4% of total nucleosomes
showing two-step photobleaching, ruling out the possibility of
hexasomes being the majority. It should be noted that the lim-
ited time resolution of our measurements might have made it
impossible to observe sequential two dimer-binding events if
they are separated by only a few seconds. The dimer incorpo-
ration time elapsed from tetrasome formation is denoted by ¢,
(Fig. 40).

In the other set of nucleosomes, dimers bind stably to tetra-
somal intermediates before the DNA termini are fully wrapped
(Fig. 3C). The tetramer/dimer-bound intermediate without ter-
mini wrapping has a low non-negligible FRET, . signal (0.2—
0.3). This is because the distances among the fluorophores in
this state are within their Forster radii even without the termini
wrapped up. In Figs. 1B and 3C, the small faint arrows indicate
this low level of FRET, .. Only when the termini wrap fully
around the histone core does FRET, ., reach the maximum
value. We constructed a histogram of the time intervals
between the injection and stable dimer binding (dimer binding
time, Fig. 4D) and a histogram of the time intervals between
dimer binding and DNA wrapping (denoted by t;) (Fig. 4E).
These plots were fit respectively with a biexponential function
and a single exponential function. The dimer binding time
should contain information on both tetramer binding and
dimer binding. We ignored the reverse processes (i.e. histone
dissociation) because we did not detect any histone dissociation
event. From the fitting, we obtained 21.2 = 7.0 s for tetramer
binding and 276 * 20 s for dimer binding (¢,"). This tetramer
binding time is the same within error as the time for random
tetramer binding (¢,"), suggesting that dimers are incorporated
mostly to the first intermediate where tetramers are randomly
bound to DNA. We did not observe any sign of separate binding
events of two dimers per nucleosome, likely because of the same
reason as explained above.

Based on the sequence of the assembly steps observed, we
constructed a scheme of the kinetics (Fig. 5). In the scheme,
nucleosome assembly takes place mainly via two paths. In one
path (path 1 in Fig. 5), a tetramer binds to and positions on
DNA at the dyad, followed by DNA termini wrapping and sub-
sequent dimer incorporation. In the other path (path 2 in Fig.
5), all the core histones are incorporated to a DNA template
before the termini wrap up.

H2A-H2B Dimer Incorporation Becomes Inefficient upon
CpG Methylation—We repeated the measurements with CpG-
methylated 601 + 16—63 DNA. In the first set of data where

FIGURE 3. Representative fluorescence intensity time traces and smFRET time traces reporting the process of tetrasome and nucleosome assembly.
A sub-step of the nucleosome assembly shown in Fig. 1, A and B, is shown for each process time marked in the smFRET traces. A, tetrasome assembly with
601 + 1-73 DNA and Atto647N-labeled (H3-H4), tetramer. During the tetramer positioning time, a tetramer is positioned at the dyad of DNA, resulting in a rise
in FRET,y, (red trace). These times were collected from a set of ~100 DNA molecules to construct a population growth histogram of an intermediate as shown
atthe bottom (in this case, a histogram for the number of DNA with a tetramer properly positioned during time 0 to t). Each tetramer positioning time observed
(7) increases a single count in the corresponding n() function, and integrating the n(7) function over 0 to t results in the histogram column height at t. During
the termini wrapping time, DNA wraps around the tetramer to form a tetrasome, resulting in a rise in FRET; 5 (blue trace). B and C, nucleosome assembly with
601 + 16-63 DNA and histone octamer containing Atto647N-labeled H2A-H2B dimer. In B, the nucleosome is assembled via tetrasome formation followed by
dimerincorporation. During the tetramer positioning and termini wrapping time, a tetramer is positioned at the dyad followed by termini wrapping, resulting
inarise in FRET; 5 (blue trace). During the dimer incorporation time, dimers are incorporated to the tetrasomal state, resulting in a rise in FRET,,, (red trace). In
C, the nucleosome is assembled via histone core formation followed by DNA termini wrapping. During the tetramer positioning and dimer incorporation time,
an octameric histone core is formed, resulting in a rise in FRET,,,, (red trace). FRET, s also rises to a low level, indicating that the distances among fluorophores
are within their Forster radii even without the termini wrapped up. The faint FRET arrows in this panel and Fig. 1B illustrate this FRET. During the termini
wrapping time, DNA wraps around the histone octamer to form a nucleosome, resulting in the full rise in FRETs 5 (blue trace).

FEBRUARY 13,2015+VOLUME 290-NUMBER 7 ;QEGASBMB JOURNAL OF BIOLOGICAL CHEMISTRY 4297



Dynamics of Nucleosome Assembly

(A)
1254 O UDNA
A MDNA —nnOQ0000
100 o L Lt
..‘3 -t/ /t '
g 75 ¢ !
) 1/¢'-1/¢,
(@)
‘E 50 4 t,’ i
g UDNA 10.8+4.2 120+7
W, MDNA 19.3+53 79.9+7.1
0 T T T T
0 200 400 600 800
Time(sec)
(€)
100 =
O UDNA
A MDNA
80 4
(7]
-
c 604
S
()
(&) ( —1/13)
- 404 y=4\l-e
c
)
> t3
w20 UDNA 250 +11
MDNA 418+ 25
0 T T T T
0 200 400 600 800
Time(sec)
(E)
= UDNA
A
125 MDNA Ak &k & &
100 o
wv
- EEEsunn”®
£ n
g 75 n®
_A (1 —1/13')
Q y=A4\l-e
T 50
c - ; g Tl
T ty' (= 1/(ks’ +k3)))
>
e UDNA 114+8
25 1 MDNA 81.4+4.4
0 -+ T T T T
0 200 400 600 800
Time(sec)

4298 JOURNAL OF BIOLOGICAL CHEMISTRY

(B)

Event Counts

(D)

Event Counts

125 4

100 o

O UDNA
A MDNA

75 y=A0(1—e_’“2)
50 » t
UDNA 90.6 +6.2
MDNA 74.0+4.4
25 4
0+ v v r i
200 400 600 800
Time(sec)
1254 ® UDNA
A MDNA A
100 = A
A
75 4 / /
A -t/y' v -t/ '
e /t,'-e™" " [t
A y= Ao 1= 2 1
50 1/¢,'-1/¢,
tl' tz'
25+ UDNA 21.2+7.0 27620
A MDNA 21.1+10.6 419 + 35
0 v v r r
0 200 400 600 800
Time(sec)
SASBMB  VOLUME 290-NUMBER 7-FEBRUARY 13,2015



Dynamics of Nucleosome Assembly
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FIGURE 5. Kinetic scheme for Nap1-mediated nucleosome assembly according to our observation. TET and D/ denote (H3-H4), tetramer and H2A-H2B
dimer, respectively. The process of nucleosome assembly is divided into two paths according to the time point of H2A-H2B dimer incorporation relative to the
tetrasome formation (i.e. complete DNA termini wrapping). Along the first path (path 1), Nap1 transfers a (H3-H4), tetramer to DNA, resulting in the formation
of a stably positioned [DNA-TET] complex through an unstable [DNA-TET]* intermediate, followed by DNA termini wrapping to form a tetrasome. Incorporation
of H2A-H2B dimers into the tetrasome completes nucleosome assembly. Along the second path (path 2), H2A-H2B dimers are incorporated to the [DNA-TET]*
intermediate, resulting in a ternary [DNA-TET-DI] complex, followed by DNA termini wrapping to complete nucleosome assembly. Gray arrows are the
processes that we could not observe with our setup due to the time limit of observation (20 min). The process times t,’, t;, t,, t5, t,’, and t;" measured in Fig. 4

correspond to 1/k,", 1/k;, 1/(k, + k_,), 1/ks, and 1/(k;" + k_3'), respectively.

dimers are incorporated after complete tetrasome formation, ¢,
becomes longer (418 = 25 s versus 250 = 11 s) upon methyla-
tion, indicating that dimer incorporation becomes substantially
inefficient. Once we see stable binding, the reverse process was
not detected within our time limit. Based on the measured
kinetic rates and the published equilibrium constants (14), sta-
bly bound dimers dissociate in >1000 s on average (>1300 s for
a tetramer), which is a timescale rarely accessible in our system
due to premature photobleaching of fluorophores labeled at
histones.

In the other set of data where dimers bind before the termini
wrap up, dimer incorporation time (£,’) is also elongated to
419 * 35sfrom 276 =+ 20 s. The similarity between the values of
t," and t, indicates that stable dimer incorporation time is not
greatly affected by the termini structure of a tetrasome inter-
mediate to which dimers bind. The DNA termini wrapping
time elapsed from dimer incorporation (¢;") becomes shorter
upon CpG methylation (114 = 8 s versus 81.4 = 4.4s). Thisisin
good agreement with the faster termini wrapping during tetra-
some formation (shorter ¢, upon methylation). DNA unwrap-
ping is negligibly slow; therefore, ¢’ is ~1/k;’, the process time
for DNA wrapping elapsed from dimer binding.

Inefficient Dimer Incorporation upon CpG Methylation Is due
to Increased DNA Affinity for Histones—Inefficient dimer
incorporation upon CpG methylation is in apparent contradic-
tion to facilitated tetrasome formation. Because the primary
difference between dimer and tetramer interaction with DNA
is in their binding strengths, we examined how the strength of
dimer binding to DNA changes upon CpG methylation. Dimers
were added to DNA with and without CpG methylation in the

presence of Napl. The reaction products were analyzed with
native PAGE (Fig. 6A4). Dimers mixed with methylated DNA
yielded notable aggregation, revealing a weaker DNA band and
stronger aggregate bands. The total intensity of the bands on
the methylated DNA lane is apparently weaker than that on the
unmethylated DNA lane, suggesting more precipitation with
methylated DNA. After brief centrifugation (5 min at 14,000 X
2), the A, values of the supernatants (0.322 and 0.213, respec-
tively, for unmethylated and methylated DNA) in combination
with the A,q)/A,g, ratios (1.49 and 1.16, respectively, for
unmethylated and methylated DNA) confirm significantly
more precipitation with methylated DNA. These results sug-
gest that the slow dimer incorporation upon CpG methylation
is likely due to increased nonproductive dimer binding to DNA
resulting in less efficient Nap1 function as a histone chaperone.

Tetramer Positioning and DNA Termini Wrapping Are the
Slowest Steps of Nucleosome Assembly—We converted all the
measured process times into rate constants (Table 1). As
we have not observed any sign of two-step dimer binding, we
assumed for the calculations of k," and k; that two dimers are
incorporated in a single step within our time resolution.
According to the rate constants, tetramer positioning (k;) and
DNA termini wrapping (k, + k_, and k") are the slowest steps
when the histone concentration is high: >1000-fold slower
than histone binding at 1 mm histone concentration. Therefore,
despite inhibited dimer incorporation, CpG methylation
should overall facilitate nucleosome assembly in the presence
of abundant DNA and histones. We attempted to observe more
efficient nucleosome assembly with methylated DNA in a bulk
reaction at high DNA and histone concentrations. However,

FIGURE 4. Measurements of the process times in Nap1-mediated nucleosome assembly. The histograms of the population growth of the intermediates
constructed by analyzing the FRET traces (Fig. 3A) were fit with relevant population growth equations and the time constants. The fitting equations and the
time constants are shown within the histograms. UDNA and MDNA denote unmethylated and methylated DNA, respectively. A, the population growth
histogram for an intermediate with tetramer properly positioned on DNA at the dyad. The histogram was constructed with the Tetramer positioning time
depicted in Fig. 3A. This population growth time convolves the random binding time t,” and the tetramer positioning time t,. B, the population growth
histogram starting from the tetramer-bound state to reach the tetrasome state with termini wrapped up in the absence of the dimers. The histogram was
constructed with the Termini wrapping time depicted in Fig. 3A. The growth time constant is denoted by t,. C, the population growth histogram starting from
the tetrasomal state to reach the final nucleosomal state by adding dimers. The histogram was constructed with the Dimer incorporation time depicted in Fig.
3B.This growth time constant is denoted by t;. D, the population growth histogram for an intermediate with tetramer/dimer incorporated without the termini
wrapped up. This histogram was constructed by the Tetramer & dimer incorporation time depicted in Fig. 3C. The curve was fit with two growth components
with the constants t;" and t,’. E, the population growth histogram starting from the tetramer/dimer-bound state to reach the termini wrapped state. This
histogram was constructed with the Termini wrapping time depicted in Fig. 3C. This time constant is denoted by t;'.
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the assembly reaction becomes very efficient under these con-
ditions, which also make the assembled nucleosomes very sta-
ble. Consequently, most DNA constructs were assembled to

(A) (B)

+DNA
+H2A-H2B
+ Nap1l
Aggregates
+DNA
+DNA +(H3-H4),
+ Nap1l
lr H } Aggregates
5 ! i g i<— Tetrasome
“ <—— DNA I P !
— ul
\ <— DNA
» __INE J
u M Uu ™M V) M

FIGURE 6. Native PAGE analyses for histone-DNA interactions in the pres-
ence of Nap1. U and M denote unmethylated and methylated DNA, respec-
tively. A, a fixed amount (200 ng) of DNA was incubated with 6 X molar excess
of H2A-H2B dimer in the presence of Nap1 (3 X excess to the dimer) for 4 h at
30°Cat0.1 mNaClin 25ul total volume. The reaction products were analyzed
with native PAGE. The gel was stained with a high sensitivity silver staining kit
(SYBR Gold nucleic acid gel stain, GE Healthcare) and scanned with a high
sensitivity scanner (Typhoon 9410, GE Healthcare). Thinner DNA and stronger
aggregate bands are evident in the methylated DNA case. The total amount
of DNA revealed on the gel is apparently smaller with methylated DNA. To
quantify any precipitate trapped in the well, the reaction products were spun
down for 5 min at 14,000 X g followed by UV-visible absorbance measure-
ments. The A,¢, values of the supernatants (0.322 and 0.213, respectively, for
unmethylated and methylated DNA) in combination with the A,4/A, g, ratios
(1.49 and 1.16, respectively, for unmethylated and methylated DNA) confirm
significantly more precipitation with methylated DNA. B, a fixed amount (80
ng) of DNA was incubated with 3X molar excess of (H3-H4), tetramer in the
presence of Nap1 (6 X excess to the tetramer) for4 hat 30 °Cat 0.1 mNaCl. The
tetrasome/DNA band intensity ratios are 1.2 and 1.6, respectively, for
unmethylated and methylated DNA, indicating more efficient tetrasome
assembly upon CpG methylation.

TABLE 1
Kinetic rates of Nap1-mediated nucleosome assembly

nucleosomes in 4 h regardless of DNA methylation status, mak-
ing it very difficult to reveal any difference in the assembly effi-
ciency. We reduced the reaction time to 30 min, but did not
observe any significant difference. The tetrasome, on the other
hand, is much less stable than the nucleosome. Given a long
reaction time, the tetrasome would reach equilibrium with
DNA in the presence of Napl. By measuring the population
density of the tetrasome relative to DNA, we would be able to
probe the assembly efficiency. We assembled tetrasomes at
~1000-fold increased DNA concentration (as compared with
the single molecule measurements) with 3X molar excess of
tetramer and Napl (6X molar excess to tetramer) for 4 h. As
shown in Fig. 6B, the band intensity of the tetrasome relative to
DNA is stronger with methylated DNA (tetrasome/DNA band
intensity ratio = 1.2 and 1.6, respectively, for unmethylated and
methylated DNA), suggesting that DNA methylation facilitates
tetrasome assembly despite the aggregation due to random
binding (an aggregate band in the methylated case is evident in
Fig. 6B). This result supports the suggestion of more efficient
nucleosome assembly upon DNA methylation.

DISCUSSION

Multiple studies have revealed the effects of CpG methyla-
tion on the physical properties of DNA (41-43). In particular,
CpG methylation reduces the flexibility of DNA (42) and
increases its stiffness (43). Our previous results (29, 33) also
support that CpG methylation rigidifies DNA and induces tight
wrapping around the nucleosome. Low flexibility of DNA has
dual roles in nucleosome assembly: (i) raising the height of the
free energy barrier to DNA bending/twisting and (ii) decreasing
the entropy cost of DNA wrapping (24). Our study reveals that
DNA termini wrapping is facilitated upon CpG methylation
during the assembly of a tetrasome (t,) and a nucleosome (z;'),
suggesting that a lower entropy cost dominates the process.
More efficient wrapping of rigidified DNA upon CpG methyla-

The kinetic scheme is shown in Fig. 5. Kinetic rates (k) are either the reciprocals of the process times (¢,, £, and t;"), or the reciprocals of the process times (¢,', ¢,’, and £,)

divided by histone concentration.

t,” (sec) t, (sec) t, (sec) t, (sec)
Unmethylated DNA 10.8+4.2 120+7 90.6 + 6.2 250+ 11
Path @ Methylated DNA 18.3+5.3 79.9%7.1 740+44 418 + 25
t,’ (sec) t,’ (sec) t;’ (sec)
Unmethylated DNA 21.2+7.0 - 276+ 20 114+8.1
Path @
Methylated DNA 21.1+10.6 - 419+35 814+4.4
k," (s'mM1) k,(s?) k, +k, (s7) k;y(s*mM-1)
Unmethylated DNA 15.4 + 6.0 x 10? 8.33+0.49x103 11.0+0.8x 103 0.667 +0.029 x 10?
Pith @ Methylated DNA 8.64 +2.37 x 10? 12.5+1.1x 103 13.5+0.8x 103 0.399 + 0.024 x 102
k,’ (s*mM?) k,’ (s'mM?) ky (+kj’)(s?)
Unmethylated DNA 7.86 +2.60 x 102 - 0.604 + 0.044 x 102 8.77 £0.62x 103
Fath(@) Methylated DNA 7.90 + 3.97 x 10? - 0.398 + 0.033 x 10? 12.3+0.66x 103
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FIGURE 7. The ratios of the number of nucleosomes assembled via dimer incorporation after tetrasome formation (path 1 in Fig. 5) to that before

tetrasome formation (path 2 in Fig. 5).

tion would provide two advantages in forming a repressive
chromatin structure. First, DNA termini unwrapping that
allows factor binding would become less efficient upon CpG
methylation. This structural solidification effect will also facil-
itate the formation of repressive chromatin structures triggered
by factors such as methyl-CpG-binding proteins (44, 45). Sec-
ond, facilitated DNA wrapping will enable nucleosomes to
recover quickly from partially disassembled states during tran-
scription (46).

Mixed effects of DNA methylation on histone-DNA interac-
tions and nucleosome assembly have been reported with results
often dependent upon the position and extent of methylation.
Some of the studies demonstrated altered translational posi-
tioning of nucleosomes (47-49) and inhibited nucleosome
assembly (50, 51) upon methylation. A recent study reported
that DNA affinity for histone octamer is increased upon DNA
methylation (47, 52). Another study showed that DNA meth-
ylation enhances nucleosome occupancy by increasing DNA
affinity for histone octamer (32). Our present study also supports
that DNA methylation increases DNA affinity for histones.

Our results suggest that the tetramer-positioning rate would
not be greatly affected by random histone-DNA interactions
because tetramer positioning is extremely slow as compared
with histone binding. On the other hand, dimer incorporation
is much faster than tetramer positioning, and consequently, the
rate is determined mainly by how efficiently Nap1 inhibits non-
productive histone-DNA interactions (14). Therefore, random
histone-DNA interactions promoted upon CpG methylation
would inhibit proper dimer incorporation to their canonical
positions, making nucleosome assembly less efficient. As we
revealed that tetramer positioning and DNA wrapping are the
slowest steps during nucleosome assembly, the overall effect of
CpG methylation is still to make nucleosome assembly more
efficient. According to our observations, dimers can be incor-
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porated before or after the complete tetrasome formation. The
frequencies of events showing dimer incorporation before and
after termini wrapping are similar to each other within error
(Fig. 7). This result indicates that dimers bind to a tetrasomal
intermediate regardless of the DNA termini conformation, ver-
ifying that the competition between Nap1 and DNA for dimer is
what limits the rate of dimer incorporation.

The reverse process of nucleosome assembly has been sug-
gested as a model for nucleosome disassembly. In the model,
the dimers are released from DNA following tetramer/dimer
interface opening. Subsequent dissociation of the tetramer
from DNA completes the disassembly (53). This model impli-
cates an open conformational intermediate, where dimers are
partially dissociated from the tetramer. We observed some
FRET traces showing changes in dimer-DNA FRET in a stably
bound state (Fig. 3C), suggesting that a dimer may sample mul-
tiple positions before it finds the most stable one. The interme-
diate state denoted in our model as [DNA-TET-DI] (where
TET and DI denote (H3-H4), tetramer and H2A-H2B dimer)
would, therefore, convolve multiple states, potentially includ-
ing ones with partially open dimer-tetramer interface.

We did not observe any clear sign of two separate binding
events of dimers per nucleosome. This result suggests that two
dimers are incorporated either simultaneously or very cooper-
atively within a few seconds. Because of the second scenario, we
cannot rule out hexasome existence in our system. The stoichi-
ometry between H2A-H2B dimer and Nap1 was reported to be
1:1 as one yNap1 dimer binds two histone dimers (15). A recent
study confirmed that Nap1 dimer is a physiological conforma-
tion (54). On the contrary, hexasome existence has been con-
firmed based on a mass spectrometric analysis (55). The hexa-
some has been suggested as a physiological intermediate during
nucleosome disassembly. Our results suggest that at least dur-
ing nucleosome assembly dimer binding is very cooperative and
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that hexasome states are not stable enough to be detected under
our experimental conditions.

The present single molecule study on Napl-mediated nucleo-
some assembly dissected the steps of histone bindings in the con-
text of DNA wrapping and revealed or confirmed diverse interme-
diates and aspects of nucleosome assembly. Our observations
unraveled three effects of CpG methylation on the efficiency of
nucleosome assembly: (i) facilitated (H3-H4), tetramer posi-
tioning, (ii) promoted DNA termini wrapping, and (iii) deceler-
ated dimer incorporation. We suggest that the first two changes
are caused by rigidified DNA, and that the third change is due to
increased histone-DNA affinity. These changes would make
the overall nucleosome assembly more efficient, which may
help facilitate gene packaging in chromatin. Our results indi-
cate that the physical properties of DNA are critical in control-
ling the overall efficiency of nucleosome assembly.
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