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Abstract

Structural dynamics of a protein molecule is often critical to its function. Single-molecule methods
provide efficient ways to investigate protein dynamics, although it is very challenging to achieve a
millisecond or higher temporal resolution. Here we report spontaneous structural dynamics of the
histone protein core in the nucleosome based on a single-molecule method that can reveal
submillisecond dynamics by combining maximum likelihood estimation and fluorescence
correlation spectroscopy. The nucleosome, comprising ~147 bp DNA and an octameric histone
protein core consisting of H2A, H2B, H3, and H4, is the fundamental packing unit of the
eukaryotic genome. The nucleosome imposes a physical barrier that should be overcome during
various DNA-templated processes. Structural fluctuation of the nucleosome in the histone core has
been hypothesized to be required for nucleosome disassembly but has yet to be directly probed.
Our results indicate that at 100 mM NaCl the histone H2A-H2B dimer dissociates from the
histone core transiently once every 3.6 = 0.6 ms and returns to its position within 2.0 + 0.3 ms. We
also found that the motion is facilitated upon H3K56 acetylation and inhibited upon replacing
H2A with H2A.Z. These results provide the first direct examples of how a localized post-
translational modification or an epigenetic variation affects the kinetic and thermodynamic
stabilities of a macromolecular protein complex, which may directly contribute to its functions.
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INTRODUCTION

The nucleosome, the fundamental building block of the eukaryotic genome, imposes a
physical barrier that needs to be overcome during various DNA-templated processes.1 The
nucleosome comprises an octameric histone protein core consisting of two copies of four
core histones (H2A, H2B, H3, and H4) that is wrapped by ~147 bp DNA. The stable
subcomplexes of the core histones under a physiological buffer condition are the H2A-H2B
dimer and the (H3-H4), tetramer. Two H2A-H2B dimers and one (H3-H4), tetramer form
the octameric histone core (Figure 1A). Spontaneous structural fluctuations of the
nucleosome at the DNA termini and at the histone dimer—tetramer interface would trigger or
facilitate nucleosome disassembly, thereby having critical implications for gene access and
regulation mechanisms. The mechanism of spontaneous nucleosome disassembly and the
effects of a histone H3 variant CENP-A on the histone dynamics have recently been
investigated using coarse-grained and atomistic modeling.%:” We have recently reported
spontaneous opening motions of the nucleosomal DNA termini based on a hybrid single-
molecule approach that allowed detection and characterization of unsynchronized
submillisecond dynamics.8® Transient and repetitive disruption of the histone dimer—
tetramer interface (Figure 1B) would trigger dimer eviction catalyzed by a histone chaperone
or other enzymes with a chaperone function that will eventually lead to nucleosome
disassembly.10 The existence of this spontaneous positional fluctuation of the histone dimer
is essential to validating this hypothesis.

Post-translational modifications and variations of core histones are tied to gene regulation
mechanisms. Acetylation at H3 lysine 56 (H3K56) that attenuates the structural integrity of
the nucleosome near the DNA termini®11.12 has been associated with transcription
regulation, DNA damage repair, and cell proliferation.13-17 How this acetylation may affect
the structure or structural dynamics of the histone core has never been directly probed.
H2A.Z is a highly conserved (nearly >85%) histone H2A variant implicated in genome
integrity and transcription activation.18-22 H2A.Z is enriched in the nucleosomes proximal
to promoter nucleosome free regions (NFR) (i.e., +1 and —1 nucleosomes to a promoter
NFR), and its acetylation is tied to gene activation.13:14.23-31 These +1 and —1 nucleosomes
have very high nucleosome occupancy levels and rigid positioning, serving as physical
barriers to help maintain genome integrity. There has not been any direct biophysical study
to reveal any difference in the structural dynamics or flexibility between the H2A.Z
nucleosome and the H2A nucleosome at a physiological salt level.
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We have recently developed a single-molecule approach with which we directly probed the
submillisecond spontaneous DNA terminus opening motion in the nucleosome that is
dependent on the monovalent salt level, H3K56ac, and a histone H3 variant CENP-A 8.2
Here, we employed this approach to monitor the spontaneous structural fluctuations of the
histone H2A-H2B dimer in the nucleosome. Our measurements revealed spontaneous
positional fluctuations of the histone H2A-H2B dimer in the nucleosome on a millisecond
time scale. This dynamics is significantly facilitated upon H3K56 acetylation that should
further open the dimer—tetramer interface. We found that replacement of H2A with H2A.Z
decelerates this dynamics, inhibiting the opening motion of the dimer—tetramer interface.
These findings are the first direct evidence of a localized chemical change in a protein
complex regulating its structural dynamics and potentially its functions.

EXPERIMENTAL METHODS

Protein Expression, Purification, and Modifications

Histones were expressed and purified as previously described.® The H2B T112C mutant was
prepared by substituting the T112 residue with cysteine. The T112C residue was labeled
with ATTO647N via thiol-maleimide conjugation in the folded H2A-H2B dimer form. The
H3 K56C/C110A double mutant was used for semisynthesis of the acetylated histone in a
fully unfolded form.

H3K¢56ac (H3K56ac in this paper) was prepared by thiol-ene coupling between the cysteine
thiol and A-vinyl-acetamide (NVA), which is functionally equivalent to natural histone
acetylation.32 The H3 K56C/C110A double mutant at a concentration 1 mM was incubated
in a buffer with a total volume of 200 /L containing 0.2 M sodium acetate (pH 4), 6 M
guanidine hydrochloride, 7 mM L-glutahione, 50 mM Afvinyl-acetamide, 100 mM dimethyl
sulfide, and 5 mM VA-044 {2,2"-[azobis(dimethylmethlene)]bis(2-imidazoline)-
dihydrochoride} for 2 h at 70 °C. The reaction mixture was dialyzed against deionized water
and then lyophilized overnight for storage at —80 °C.

Nucleosome Reconstitution

The nucleosome samples were prepared as previously described.® For nucleosomal DNA, a
147 bp human a-satellite sequence with a single-strand 20-base linker with a biotin at its 5’
end was prepared by ligating six fragments in which the 54th nucleotide of the Watson
(forward) strand was replaced with Cy3 (Integrated DNA Technology Inc., Coralville, 1A).
See Figure S1 for details on the DNA sequence and the labeling position.

Determination of the Forster Resonance Energy Transfer (FRET) Efficiencies and the
Kinetic Rates of the Open and Closed Dimer—Tetramer Interface

Single-molecule FRET measurements on a scanning confocal microscope system were
performed as previously described.8: The obtained data were analyzed with maximum
likelihood estimation (MLE) and fluorescence correlation spectroscopy (FCS). The high and
low FRET efficiencies (egjose and eopen, respectively) were obtained via MLE. The decay
time constant (1/A in eq 1) and the amplitude (Ag in eq 1) of the slowest dynamics
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component in the FCS spectra were used in conjunction with the FRET efficiencies to obtain
the kinetic rates, Agpen and Acjose, With the following equation.

— 1) ,
G(r)= (€CIOSC/50pcn ) . kopcn ef)\q—:Aoe,)\T
(5close /50pen +kopen/kclose) Kclose (1)

where G is the second-order correlation function of the fluorescence intensity from single-
nucleosome particles, ecjose and egpen are the FRET efficiencies of the closed and open
states, respectively, Akopen and Agjose are the rates of opening and closing motions of the
nucleosome, respectively, and A is the decay rate of the correlation function. Note that the
FCS spectra were fit with a triple-exponential decay function; its two fastest components are
due to fluorophore photophysics.8 See Tables S1 and S2 for the fitting results of the data.
The results for the fastest component may contain large errors because the decay time
constants are outside of the range of the data. Consequently, the second fastest component
may also contain large errors. However, the slowest component, the dynamics in which we
are interested, is highly unlikely affected by these errors because the decay time constant is
within the data range and is greatly separated from the other two components.

RESULTS AND DISCUSSION

Single-Molecule Observation Reveals Spontaneous Structural Fluctuations of the Histone
Dimer in the Nucleosome

We employed a single-molecule FRET (SmFRET) microscope in a confocal geometry with
time-tagged single-photon counting capability to investigate the positional fluctuations of a
histone H2A-H2B dimer relative to the histone (H3-H4), tetramer in the nucleosome on a
time scale of milliseconds or less.8 The nucleosome assembled with Xenopus laevis core
histones on a 147 bp human a-satellite sequence33 was labeled with a FRET pair. The
donor, Cy3, was labeled at the 54th base of the forward strand DNA (Figure S1) replacing
the nucleotide, and the acceptor, ATTO647N, was labeled at histone H2B T112C34 via
thiol-maleimide conjugation (Figure 1A). A dimer labeling efficiency of 50% was achieved
by mixing labeled and unlabeled H2A-H2B dimers. As the donor-labeled DNA region
should be fixed to the (H3—-H4), tetramer, changes in the FRET efficiency reflect the
positional dynamics of the H2A-H2B dimer relative to the tetramer (Figure 1A,B). This
dynamics represents the opening and closing motions of the dimer—tetramer interface likely
around the region where the H2A docking domain interacts with the tetramer® (Figure
1A,B). The closed state is defined as the state in which the dimer is intact in the nucleosome
whose FRET efficiency is designated by eqose. The open state is defined as the state in
which the dimer—tetramer interface is open as schematized in Figure 1B, whose FRET
efficiency is designated by eypen. These FRET efficiencies cannot be converted to absolute
distances because there are multiple unknown factors in our experimental system. However,
they can be used for internal comparison between two distances (e.g., a lower FRET
efficiency means a longer distance). This is possible because one of the two fluorophores is
labeled via a freely rotating linker, making the FRET efficiency angle-averaged.
Consequently, the longer distance between the dimer and the tetramer in the open state
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should result in an eqpen that is lower than egjose. The Kinetic rates between the two states are
designated by Agpen and Aciose for the opening and closing motions, respectively. The
fluorescence photons from a FRET pair were time-tagged (Figure 1C), and the photon
arrival times were integrated to construct an SmMFRET time trace at a millisecond time
resolution that revealed only a single FRET population per trace (Figure 2A). The single
FRET population within one FRET trace indicates that the histone dimer is fixed relative to
the tetramer or that the dynamics is too fast to be resolved on this time scale. We observed
three nucleosome populations with three different average FRET efficiency ranges of 0.3—
0.5, 0.5-0.7, and >0.8. We selected the population with the average FRET efficiency of 0.5-
0.7 for further analysis because we expected a FRET efficiency of ~0.6 based on the FRET
labeling positions (distance of ~48 A) in a crystal structure (Protein Data Bank entry 1KX5).
The FRET population of 0.3-0.5 likely represents the nucleosome with the off-target dimer
labeled (the back half-toroid colored orange in Figure 1B), and the FRET population of >0.8
should represent the nucleosome with both H2A-H2B dimers labeled. The FRET population
of 0.5-0.7 constitutes 25-30% of the nucleosome particles that we observed in the cases of
the wild-type nucleosome, the H3K56-acetylated nucleosome, and the H2A.Z nucleosome.
On the basis of a labeling efficiency of the dimer of 50%, 33% is the maximal density of this
population because we did not collect data from nucleosomes without a FRET signal.
Therefore, our analyses were performed on 76-91% of the properly labeled nucleosomes.

The acceptor photon streams (ATTO647N) were analyzed with a combination of MLE and
FCS to extract the FRET efficiencies of the open and closed states and the kinetic rates
between the two states (Figure 1D,E).8:35 FCS analysis revealed three total dynamics
components in the range of 10 /s to 10 ms, two of which are faster than 0.1 ms and,
therefore, assigned to the fluorophore photophysics as previously reported (Table S1).8 The
millisecond dynamics component (Figure 3) must represent the positional fluctuations of the
H2A-H2B dimer relative to the (H3—H4), tetramer because there is no photophysical
dynamics with this FRET pair on this time scale.® At this photon emission rate (25-40 kHz
detected, 32.5 kHz on average), the MLE-based algorithm to extract the FRET efficiencies
would work only for dynamics on a time scale slower than a few hundred microseconds.®
Therefore, the information generated by the MLE analysis should be on the dimer dynamics.
The FRET efficiencies found by the MLE method for the closed and open states (&gjose @nd
&opens respectively) are shown in Figure 2B and Table S2. The FRET efficiencies remained
constant within error under the two different salt conditions examined (50 and 100 mM
NaCl) (Figure 2B). On the basis of the FRET efficiencies obtained from the MLE analysis in
combination with the FCS spectra (Figure 3), we computed the kinetic rates of the opening
and closing motions (Agpen and Agjose, respectively) (Figure 4A). The results indicate that at
100 mM NaCl the histone dimer—tetramer interface opens once every 3.6 + 0.6 ms and
closes within 2.0 £ 0.3 ms (Figure 4B). These rates are converted to a 1.38 £ 0.55 kJ/mol
free energy change during the opening motion (Figure 4A). At 50 mM NacCl, these values
remain constant within error.

This dynamic motion of the H2A-H2B dimer would result in repetitive and transient gap
formation at the interface that may trigger dimer eviction and eventually nucleosome
disassembly. Nucleosome disassembly /n vivois mediated by an enzyme such as a histone
chaperone,36:37 which most likely requires the formation of a ternary complex of histone,
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DNA, and a chaperone at least transiently. This is because histones do not spontaneously
dissociate from DNA under physiological salt conditions because of the strong electrostatic
interaction. This mechanism implicates spontaneous fluctuations of the nucleosome
structure that will expose transiently and repeatedly a site for chaperone penetration and
binding. This hypothesis dictates that the nucleosome structural dynamics should impose the
ultimate kinetic barrier to nucleosome disassembly. Our recent report on the existence of the
spontaneous DNA opening motion at the nucleosome termini supports this hypothesis.8°
The flexible dimer—tetramer interface presented here would further lower the barrier to
chaperone binding and subsequent histone eviction.

The Dimer—Tetramer Interface Becomes More Flexible and More Open upon H3K56

Acetylation

We repeated the measurements with H3K56 acetylated. The specific acetylation was
achieved with radical-initiated conjugation of A-vinylacetamide to the cysteine residue that
replaced lysine 56 by site-directed mutagenesis.32 Mass spectrometric analysis confirmed
acetylation (Figure S2). This acetylation method generates acetylated histones that are
chemically almost identical to the naturally occurring ones.32 Acetylated histones prepared
with this method have been used to reproduce the results obtained with the native chemical
ligation method.38:39 The average FRET efficiencies under the two salt conditions (50 and
100 mM NaCl) remain constant within error upon H3K56 acetylation (H3K56ac) (Figure 2B
and Table S2). Revealed by the MLE-FCS analysis, the dimer dynamics is facilitated upon
H3K56 acetylation (increased Aqpen and decreased AG of opening from the top two rows to
the bottom two rows in Figure 4A except for the H2A case at 100 mM NacCl). The larger
amplitude of the FCS component upon H3K56 acetylation in all four cases (Figure 3A,B)
clearly indicates that the dimer fluctuation is facilitated. In all of the cases except for H2A at
100 mM NacCl, the free energy change of opening becomes significantly lower upon
inclusion of H3K56ac (AG values in the bottom two rows lower than those in the top two
rows in Figure 4A). These findings indicate that H3K56 acetylation makes the dimer—
tetramer interface more flexible and shifts the equilibrium more to the open state, resulting
in a more open dimer—tetramer interface on average. This change is achieved by increasing
the opening rate rather than decreasing the closing rate.

Histone acetylation at H3K56 is associated with transcription regulation, DNA damage
repair, and cell proliferation.13-17 H3K56ac weakens the interactions between the
nucleosomal DNA termini and the histone core®11:12 likely by disrupting the interaction of
the H3 N-terminal tail with DNA. Therefore, the terminal DNA opening energy will become
lower upon H3K56 acetylation as evidenced in recent single-molecule studies.®11 Our
results reveal that this acetylation also induces a significant change in the core histone
structural integrity, which may contribute to triggering nucleosome disassembly. It may not
be immediately clear how the acetylation at a site not in direct contact with the dimer—
tetramer interface may affect its dynamics. Resolved in a detailed structure of the
nucleosome and confirmed by biochemical and biophysical studies,211:12 these components
are all interconnected directly or indirectly, and therefore, a change in one component would
affect the others. The straightforward change induced upon H3K56 acetylation is to weaken
the interaction between the histone tetramer and the DNA that also interact with the dimers.
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As the DNA termini open, the dimers will follow the DNA and consequently disrupt the
interface with the tetramer. Therefore, the biophysical roles of H3K56 acetylation may be
not only in weakening the interactions between the histone core and the nucleosomal DNA
but also in disintegrating the histone core at the dimer—tetramer interface, both of which will
synergistically facilitate nucleosome disassembly. These results support the structural
dynamics of the nucleosome on a millisecond time scale as a functional element in gene
regulation mechanisms triggered by a histone modification.

The Dimer—Tetramer Interface Becomes More Rigid and Less Open upon Replacement of
H2A with H2A.Z

We repeated the measurements with the wild-type nucleosome and the H3K56-acetylated
nucleosome with the histone H2A replaced with H2A.Z. The FRET efficiencies of the
closed and open states remain constant within error upon replacement of H2A with H2A.Z
(Figure 2B and Table S2). As revealed by the MLE-FCS analysis, H2A.Z makes the dimer—
tetramer interface less flexible in the unacetylated cases (decreased Aopen from the left three
columns to the right three columns in the top two rows of Figure 4A). The equilibrium is
also possibly shifted to the closed state upon H2A.Z replacement, although the difference is
only marginal. In acetylated nucleosomes, these differences become buried in errors. This is
likely due to the acetylation effect of H3K56ac making the nucleosome flexible and
therefore canceling the rigidification effect of H2A.Z. Notably, however, the average free
energy change during the opening motion (AG in Figure 4A) in the unacetylated H2A.Z
nucleosome case is larger than RT at 37 °C (i.e., AG > 2.6 kJ/mol), while it becomes far
below RTin the acetylated H2A.Z nucleosome, making the acetylation effect more
pronounced in the H2A.Z nucleosome than in the H2A nucleosome.

Histone variant H2A.Z is well-conserved throughout eukaryotes and implicated in
maintaining genome integrity and activating transcription.1%-22 The processes of H2A.Z
deposition and removal are catalyzed by SWR1/SWR-C and INO80 remodelers whose
activities have been linked to histone acetylations such as H3K56ac and
H2A.ZK14ac.13-18.31 The conflicting roles of H2A.Z in stabilizing and destabilizing the
nucleosome have been reported previously.19:30.34.40-43 There has not been any direct
biophysical study to elucidate differences in the structural dynamics or flexibility between
the H2A.Z nucleosome and the H2A nucleosome at a physiological salt level. Our results
reveal that H2A..Z rigidifies the histone dimer—tetramer interface, supporting its role in
maintaining the structural integrity of the chromatin. Another important finding is that
acetylation at H3K56 brings the dimer—tetramer opening energy far below the thermal
energy, making the dimer—tetramer interface significantly more open. However, the absolute
free energy change is still larger than that of the H3K56-acetylated H2A nucleosome. On the
basis of these results, we conclude that H2A.Z stabilizes the nucleosome by rigidifying the
histone core and suggest that triggering disassembly of the H2A.Z nucleosome may require
more changes than H3K56ac alone.
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CONCLUSIONS

Our study provides the first examples of how histone modifications and variations affect the
kinetic stability of the histone core in the nucleosome, which may directly contribute to their
functions. The reported measurements were permitted by a powerful single-molecule
approach that will open efficient ways to reveal how a network of multiple structural
components in a protein complex may be implicated in modulating its structural integrity
with the aid of localized chemical modifications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Schematic representation of the hybrid single-molecule method that revealed histone core

dynamics on a millisecond time scale. (A) Nucleosome made with X. /aevis core histones
and a 147 bp human a-satellite sequence and labeled with a FRET donor [Cy3 (green)] at a
DNA region fixed to the (H3-H4), tetramer (blue and green proteins) and an acceptor
[ATTO647N (red)] at a H2A-H2B dimer (yellow and red proteins) at H2B T112C. The
FRET pair reports the positional changes of the dimer relative to the tetramer upon opening
and closing of the interface around where the H2A docking domain interacts with the
tetramer (purple circle). The nucleosome was immobilized through biotin—streptavidin
conjugation on a polyethylene glycol (PEG)-coated cover glass. (B) Kinetic scheme of
spontaneous positional dynamics of a histone dimer (the front half-toroid colored orange)
relative to the tetramer (the thick half-toroid colored green) between the closed and open
states of the dimer—tetramer interface around which the H2A docking domain interacts with
the tetramer (purple circle). The gray line represents the nucleosomal DNA. The green and
red spheres represent the FRET donor (Cy3) and the acceptor (ATTO647N), respectively.
(C) Example of streams of time-tagged fluorescence photons from a FRET pair. (D)
Schematic representation of the fluorescence correlation spectrum G(z) obtained from the
intervals between two consecutive photons (z) as shown in panel C. (E) Hybrid approach
combining maximum likelihood estimation (MLE) and fluorescence correlation
spectroscopy (FCS) to characterize the histone core dynamics at the dimer—tetramer
interface on a millisecond time scale. Further details are described in Experimental Methods.
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Figure2.
Maximum likelihood estimation reveals spontaneous structural dynamics of the histone core.

(A) Representative fluorescence intensity time traces of a FRET pair (bottom) and the
corresponding FRET efficiency trace (top) showing an average apparent FRET efficiency of
~0.6 with a unimodal distribution (top right). The apparent FRET efficiency was calculated
With feceptor/(Adonor * facceptor), Where /is the fluorescence intensity. The red and green
arrows in the intensity traces indicate time points at which the acceptor and the donor,
respectively, were photobleached. (B) MLE results revealing FRET efficiencies of the closed
(&close) and open (eopen) states (top) along with the average FRET efficiency (eayg) (bottom)
for the nucleosomes made with the wild-type histone core (WT), the H3K56-acetylated
histone core (H3K56ac), the H2A.Z-substituted histone core (H2A.Z), and the H3K56-
acetylated and H2A.Z-substituted histone core (H2A.Z/H3K56ac) under two salt conditions
(50 and 100 mM NaCl). The plus and minus signs represent the presence and absence,
respectively, of the modification (H3K56ac) or variation (H2A.Z).
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Figure 3.
Fluorescence correlation spectroscopy (FCS) reveals the effects of H3K56ac and H2A.Z on

the histone core dynamics. (A-D) FCS spectra of ATTO647N from the nucleosomes made
with the wild-type histone core (WT), the H3K56-acetylated histone core (H3K56ac), the
H2A.Z-substituted histone core (H2A.Z), and the H3K56-acetylated and H2A.Z-substituted
histone core (H2A.Z/H3K56ac) under two salt conditions (50 and 100 mM NaCl). Each
spectrum is fit to a triple-exponential decay function within the range of 10 zs to 10 ms. The
fitting results of the slowest dynamics component are shown [decay times () and
amplitudes (O)]. The other components are due to the photophysical dynamics of the
fluorophores and listed in Table S1.
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Figure 4.
Hybrid single-molecule approach combining MLE and FCS that reveals the kinetics of the

histone core dynamics at the dimer—tetramer interface. (A) Opening (kgpen) and closing
(Kcl0se) rate constants, and the free energy change (AG) of the opening motion calculated
from the rate constants for the nucleosomes made with the wild-type histone core (H2A and
H3), the H3K56-acetylated histone core (H3K56ac and H3), the H2A.Z-substituted histone
core (H2A.Z and H3), and the H3K56-acetylated and H2A.Z-substituted histone core
(H2A.Z and H3K56ac) under two salt conditions (50 and 100 mM NaCl). (B) Quantitative
summary of the histone core dynamics at the dimer—tetramer interface at 100 mM NaCl. See
the legend of panels A and B of Figure 1 for the descriptions of the nucleosome structure.
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