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Epigenetic modifications of chromatin play a critical role in regulating the fidelity of the
genetic code and in controlling the translation of genetic information into the protein
components of the cell. One key posttranslational modification is acetylation of histone
lysine residues. Molecular dynamics simulations, and to a smaller extent experiment,
have established that lysine acetylation increases the dynamics of histone tails. However,
a systematic, atomic resolution experimental investigation of how this epigenetic mark,
focusing on one histone at a time, influences the structural dynamics of the nucleosome
beyond the tails, and how this translates into accessibility of protein factors such as
ligases and nucleases, has yet to be performed. Herein, using NMR spectroscopy of
nucleosome core particles (NCPs), we evaluate the effects of acetylation of each histone
on tail and core dynamics. We show that for histones H2B, H3, and H4, the histone
core particle dynamics are little changed, even though the tails have increased ampli-
tude motions. In contrast, significant increases to H2A dynamics are observed upon
acetylation of this histone, with the docking domain and L1 loop particularly affected,
correlating with increased susceptibility of NCPs to nuclease digestion and more robust
ligation of nicked DNA. Dynamic light scattering experiments establish that acetyla-
tion decreases inter-NCP interactions in a histone-dependent manner and facilitates
the development of a thermodynamic model for NCP stacking. Our data show that
different acetylation patterns result in nuanced changes to NCP dynamics, modulating
interactions with other protein factors, and ultimately controlling biological output.

nucleosome structural dynamics | methyl-TROSY NMR | conformational heterogeneity |
nucleosomal DNA ligation and degradation

Epigenetic modifications of chromatin regulate key cellular processes such as transcription
(1, 2) and DNA damage repair (3, 4), and play essential roles in controlling cell differen-
tiation and maintaining genome stability (5, 6). From a clinical point of view, epigenetic
modifications are also closely linked to diseases such as cancer, diabetes, and neurological
disorders (7-9). Enzymes often referred to as “writers” posttranslationally modify histones,
which are the principal protein components of nucleosomes. The resulting modifications
include, among others, acetylation, methylation, phosphorylation, ADP-ribosylation, and
ubiquitination (1, 10). Histones modified in this manner are, in turn, recognized by
“readers” that regulate the reorganization of chromatin structure in ways that depend on
the type and location of the posttranslational modifications (PTM:s), resulting in different
biological effects on gene expression and the DNA damage response (11-13). This process
is reversed by “erasers” which remove PTMs from histones.

One of the most well-characterized epigenetic marks is acetylation (14). Histone acet-
yltransferases (HATs) transfer an acetyl group from acetyl-Coenzyme A (acetyl-CoA) to
the e-amino group of lysine side chains, neutralizing the positive charge of these residues.
As the lysine-rich histone tails are positively charged and interact with the negatively
charged nucleosomal DNA, acetylation weakens histone tail-DNA interactions (1, 7). In
terms of cellular function, histone acetylation is closely linked to transcription as it causes
chromatin to transition from tightly packed (heterochromatin) to loosely packed (euchro-
matin) states (15, 16), rendering DNA more accessible to RNA polymerase II, transcrip-
tion factors, and other proteins involved in transcriptional initiation and elongation. The
transcriptional coactivator p300 (also known as EP300) is a key HAT that regulates gene
expression by acetylating histones in the enhancer regions of genes (17). All the four core
histones are acetylated by p300 in vivo with stronger preferences for H3 and H4 (18, 19).
Dysregulation of p300 is associated with cancer by altering the expression of several
oncoproteins and tumor suppressor proteins (20-22).

There is increasing evidence that histone acetylation is also involved in DNA damage
repair pathways (12, 23-25). As chromatin structure regulates the accessibility of DNA
to a variety of different factors, acetylation may facilitate DNA damage repair by con-
trolling the interactions of DNA damage response/repair proteins with chromatin. In the
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modulates NCP stacking. Our
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properties of NCPs, regulating
function.
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case of base-excision repair, acetylation of K18 of histone 3
(H3K18) and H3K27 modulates the activity of the DNA repair
enzymes UDG and APE1 (26), respectively, while acetylation of
H4K16 facilitates homologous  recombination-mediated
double-strand break repair (27). In addition, acetylation of H3
and H4 by p300 has been shown to facilitate the recruitment of
nonhomologous end joining proteins such as Ku70/80 to DNA
damage sites (28).

Despite the importance of acetylation in regulating essential
cellular processes and disease states, a detailed atomic resolution
understanding of how it affects nucleosome structural dynamics
remains elusive. This is partly because it is challenging to study
intrinsically disordered regions of complexes, such as histone tails,
which serve as focal points for acetylation (14, 29), using most
standard biophysical tools. However, NMR spectroscopy offers
unique advantages in this regard, and the availability of methyl-
TROSY techniques for studying both protein (30, 31) and DNA
(32) components of nucleosome particle core regions provides an
opportunity for exploring how PTMs can affect nucleosome plas-
ticity and ultimately function. Previous NMR studies of nucle-
osomes have provided structural insights into the role of histone
tails in modulating interactions between nucleosome core particles
(NCPs) and other proteins. Solution-state NMR studies by
Musselman and coworkers showed that the H3 tail-DNA inter-
action impedes the binding of the PHD finger of BPTF to the
NCP by sequestering the tail from other ligands (33). Relatedly,
Bai and coworkers demonstrated that the K16Q mutation in H4,
serving as a mimic for acetylation at this position, led to structural
disorder of the basic patch region of the tail and to decreased
compaction of nucleosomal arrays (34). Another solution-state
NMR study established significant cross talk between H3 and H4
tails, whereby acetylation of the H4 tail enhances the dynamics
of the H3 tail, leading to its increased acetylation rate (35). Stiitzer
et al. have shown via solution NMR studies of NCPs that linker
histones attenuate H3 tail dynamics, while PTMs of H3 tails that
decrease positive charge led to an increase in dynamics, and sub-
sequently, stronger interactions between the tail and other proteins
(36). A recent solid-state NMR study led by Jaroniec focusing on
H3 tails in nucleosome arrays has revealed that their dynamics are
significantly decreased relative to what is observed in mononucle-
osomes, the result of interactions with linker DNA (37).

Further insights into the role of tail dynamics in regulating
NCP stability, DNA sliding, and DNA unwrapping have been
provided by molecular dynamics simulations, with tail trunca-
tions destabilizing the nucleosome and leading to increases in
transient unwrapping of nucleosomal DNA (38). Modification
of histone tails with charge-changing PTMs (such as acetylation
or phosphorylation) or mutations was shown to significantly
weaken histone tail-DNA interactions, while changes that pre-
serve the tail charge states, such as methylation, did not result
in such effects (39).

Recognizing the impact of acetylation on chromatin function,
herein we systematically evaluate how this PTM modifies nucle-
osome structural dynamics by considering acetylation of each
histone separately or several together, focusing on a single NCP.
We make use of a strategy whereby a high level of acetylation is
achieved on a given histone, subject to the constraint that intact
and well-formed NCP particles are produced. Although this
approach does not preserve the acetylation patters observed
in vivo, it does ensure that perturbations to multiple lysine sites
can be studied simultaneously, allowing the discovery of nuanced
effects that might not otherwise be observed. This provides a foun-
dation for additional studies focusing on particular lysines of
interest. Using this acetylation scheme, we are able to assess

https://doi.org/10.1073/pnas.2301063120

whether there are similar changes to tail dynamics for each mod-
ified histone and whether such changes affect the mobility of the
NCP core region, over the large range of time scales that can be
probed by solution NMR (40, 41). Further, we investigate whether
changes in dynamics correlate with changes in function through
measurement of nucleosomal DNA accessibility to nucleases and
ligases, and whether acetylation at sites in a particular histone
might lead to more pronounced effects. Our NMR experiments
establish that while acetylation of any of the four histones results
in significant increases in the amplitude of pico (ps) — nanosecond
(ns) timescale motions of the acetylated tail, for H2B, H3, and
H4 there appears to be little accompanying change to the struc-
tural dynamics of the core region. In contrast, we observed signif-
icant increases in micro (us) — millisecond (ms) timescale
dynamics of histone H2A upon acetylation, in particular in the
docking domain that contacts H3, and proximal to the L1 loop
that stabilizes contacts between H2A molecules. Additionally,
changes at the level of rapid timescale ps-ns motions were observed
in these regions. Acetylation of H2A led to significant increases
in DNA accessibility to nucleases and ligases relative to NCPs
reconstituted with one of acetylated H2B, H3, or H4, with
increased enhancements noted when H2A and at least one other
histone in an NCP were acetylated, suggesting that acetylation
can have a synergistic effect. Dynamic light scattering studies fur-
ther establish that, consistent with decreased chromatin compac-
tion upon acetylation (42), histone acetylation, particularly of H4,
reduces inter-NCP interactions. Our study thus paints a picture
of how different acetylation patterns can result in nuanced and
very significant changes to NCP dynamics and interactions,
thereby regulating access of key proteins to nucleosomal DNA
and ultimately modulating function.

Results

Preparation of Acetylated NCPs. Here, we have used the smallest
building blocks of chromatin, NCPs, comprising two copies each
of histones H2A, H2B, H3, and H4, wrapped with 153-base
pair Widom 601 DNA (43), to study the effects of acetylation
on histone dynamics. The relatively small size of NCPs (-210
kDa), compared to chromatin, makes these particles amenable to
detailed studies by solution NMR, where the highly flexible tails
can be probed using BN-based experiments, as has been done
previously (33, 34, 44), and the core dynamics assessed through
methyl-TROSY approaches focusing on '>CH, groups (30, 31).
Samples were generated where the histone of interest was either
uniformly *H,"”C,"”N labeled ("°N relaxation and backbone
assignments), or labeled with ?CH; methyl groups at Ile(51), Leu,
and Val positions (only one of the two isopropyl methyl groups of
Leu/Val was labeled nonstereospecifically (45); referred to in what
follows as ILV-labeling). The remaining three histones were highly
deuterated, but not isotopically enriched in either N or “C
rendering them invisible in the NMR experiments performed.
NCPs with different acetylation patterns were prepared by first
incubating each histone (separately) with the catalytic domain of
the transcriptional coactivator p300 in the presence of acetyl-CoA
(Fig. 1A). After validating the number of acetyl groups on the
histones by mass spectrometry and removing p300, H2A-H2B
dimers and H3-H4 tetramers were reconstituted with different
combinations of acetylated and unmodified histones, depending
on the experiment. Variably acetylated dimers and tetramers were
wrapped with 601 DNA, and the homogeneity and integrity of
the resulting NCPs were validated by native gel electrophoresis
(Fig. 1A4; acetylation decreases the electrophoretic mobility of the
NCPs on a native gel). Histone acetylation did not generally
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Fig. 1. Preparation of acetylated NCPs and locations of acetyl groups in histones. (A) General scheme for preparing NCPs with different acetylation patterns.
After reconstitution is complete, sample integrity is verified by native gel electrophoresis (Right), showing NCP samples without acetylation (None), or acetylation
at one or more sites (for example, H2A denotes acetylation of H2A only, hyperacetylated is acetylation of all the four histones). Gel mobility decreases with
increasing acetylation. (B) 'H-"3Cc 2D strips for K122 of acetylated H2A, dissolved in 6 M urea, from a 3D C(CO)NH spectrum (46) (25 °C, 18.8 T) showing changes
in '*C chemical shifts of unmodified (Left) and acetylated (Right) K122 sidechains. From the ratio of peak intensities in the corresponding 'H-'°N dataset or from
intensities of sidechain peaks in the C(CO)NH spectrum, it is possible to quantify the fraction that is modified. For example, the K122 modification is clearly
incomplete, as two sets of peaks are visible for this residue. (C) Schematic view of histone primary sequences identifying acetylation sites and the degrees of
modification at each position. Average ranges of acetylation are noted below each histone. Red circles denote lysine residues that are fully acetylated, while

black and half-red-half-black circles denote unmodified and partially acetylated lysine residues, respectively.

compromise the homogeneity of the NCPs, except in the case of
H2B, for which maximal acetylation caused multiple species to
emerge in the native gel analysis. We suspect that a high level of
H2B acetylation (11 to 12 sites) disrupts interactions within the
histone octamer, thereby preventing the proper formation of the
NCP. We therefore limited the number of acetylated sites to eight
for H2B, as this level of modification did not affect the homogeneity
of the NCPs, by using an eight-molar excess of acetyl-CoA relative
to H2B, rather than the 20-fold excess used for the remaining
histones.

Identification and Quantification of the Acetyl-Lysine Residues
in Histones. In order to identify the sites of acetylation and the
extent of modification at each lysine site, we used a suite of triple-
resonance NMR experiments to first assign the amide chemical
shifts of each acetylated ">C,"’N-labeled histone in denaturing
6 M urea buffer. As in a standard assignment procedure involving
a homogeneous sample, connectivities were propagated from one
residue to the next (47). In some cases, close to a Lys residue, the
assignments diverged into separate paths that then reconverged,

reflecting heterogeneity in acetylation of an 1nterven1ng Lys. With
the backbone assignments available, Lys sidechain ">C chemical
shifts were obtained, reporting directly on the acetylation status of
each Lys position. Fig. 1B shows a pair of strips from a C(CO)NH
spectrum (46) of acetylated H2A focusing on K122. As acetylation

PNAS 2023 Vol.120 No.15 2301063120

gives rise to marked perturbations of Lys sidechain °C chemical
shifts (48), it is straightforward to assign chemical shifts for the
acetylated and unmodified forms of each lysine residue, and hence
obtain the fraction of labeling at a given lysine position from
amide peak intensities (S Appendix, Fig. S1). On average, 5 t0 9
lysine residues of H2B, H3, and H4 were acetylated while a higher
number (10 to 11 sites) of modifications was observed for H2A
(Fig. 1C). The numbers of acetyl groups for each histone calculated
based on the NMR analysis closely matched those determined by
mass spectrometry (S Appendix, Fig. S2), with the NMR approach
described above providing a facile way for quantifying the extent
of the modifications at each site.

Acetylation Enhances Histone Tail Dynamics. Fig. 1C shows that
most of the acetylated lysines are located in the histone tails, which
generally extend out of the core particle (Fig. 24). Not surprisingly,
therefore, these often long, protruding tails have a much higher
degree of flexibility than the remainder of the histone polypeptlde
chains, facilitating the use of standard backbone '"N-based
experiments, both for resonance assignments and subsequent spin
relaxation studies to address how acetylation specifically affects
histone tail motions. Fl% 2B overlays amide spectra of unmodified
and acetylated 2H,"C,PN-labeled H3 NCPs (37 °C, 18.8 T; all
other histones are perdeuterated), illustrating the high quality
of data that are available from the tail regions of the complex.
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Fig. 2. Backbone histone tail dynamics are enhanced by acetylation. (A) Structure (PDB ID: 1KX5) of the NCP highlighting the position of each histone tail. Colors
denote histone H2A (yellow), H2B (red), H3 (blue), and H4 (green). (B) Overlaid amide HSQC spectra of unmodified (black) and acetylated (red) ?H,"C,"*N-labeled
H3, 2H-{H2A, H2B, H4} NCPs (37 °C, 18.8 T). Note that only residues from the tail region of H3 could be observed, despite N labeling at all nitrogen sites. (C) Plots
of J(0) values of unmodified (black) and acetylated (red) histone tails of each of the four histones, 37 °C.

Although deuteration is not necessary to observe the majority
of crosspeaks from the tail residues, both in the case of H3 and
for the other histones as well, there are significant improvements
in signal-to-noise ratios for correlations that derive from regions
of the tails closest to the structured core of the NCP in the case
where deuteration is used. Notably, crosspeaks were not present
in "H=""N spectra for amides in the core of the complex, even for
deuterated particles, because of the large size of the NCD, as has
been noted before (44, 49). Larger chemical shift perturbations
(CSPs) were observed for backbone amides of the acetylated lysine
residues, with peaks from neighboring residues experiencing
modest CSPs upon acetylation (SI Appendix, Fig. S3).

In order to probe the amplitudes of histone tail motions prop-
erly, it is necessary to separate contributions to transverse relaxa-
tion from motions on different timescales. This can be achieved
by recording a series of "H—""N relaxation experiments from which
the obtained rates are combined to yield exchange-free measures
of N relaxation from dipole—dipole interactions exclusively (50).
Fits of such datasets, along with "°’N R, and steady-state 'H-""N
heteronuclear Overhauser effect (NOE) measurements, allow the
extraction of per-residue /(0) values (50) that can be used as a
simple metric to evaluate the “extent of motion” at a given amide,
with increasing /(0) indicating less dynamics (S Appendix,
Measurement of Dynamics in NCPs). Fig. 2C plots /(0) values
for each of the four histone tails (note that H2A has N- and
C-terminal tails), both without (black) and with (red) acetylation.
In all cases, tail modification leads to decreases in J(0) values,
reflecting a higher degree of motional freedom for the acetylated
tails than their unmodified counterparts. This result is consistent
with previous observations that the electrostatically driven inter-
actions between the Lys-rich histone tails and the nucleosomal
DNA are weakened by acetylation (51, 52). It is noteworthy that
relative to H2B and H4, larger increases in the extent of ps-ns
timescale dynamics were observed for H2A and H3 tails upon
acetylation. Perhaps not unexpectedly, therefore, unmodified H2A
and H3 tails showed elevated J(0) values compared to unmodified
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H2B and H4, consistent with their engagement in more extensive
interactions with nucleosomal DNA. Interestingly, the number
of acetylated lysines in the N-terminal tail of H2A is not larger
than that for H2B or H4 (approximately five in each case), and
the lysine density (fraction of lysine residues in the tail) is com-
parable for H3, H2B, and H4, suggesting that the relation between
increased tail dynamics and acetylation likely involves some inter-
play between both parameters (i.e., number and density), in addi-
tion to the relative position of the lysines in relation to the
nucleosome DNA. However, it may be the case that more than
two-fold increase in lysine density in the case of H2A (5 of 15
N-tail residues) does significantly contribute to the observed
change in ps-ns timescale motions upon acetylation. Finally, it is
also possible to combine the relaxation data that yield /(0) values
above in a different way to estimate contributions from confor-
mational exchange to the measured "°N transverse relaxation rates
(53). These are, however, very small for each of the four tails. In
summary, our data establish that acetylation enhances the ps-ns
dynamics of all the four histone tails, with the largest changes
occurring in H2A and H3.

Increased NCP Core Dynamics upon Acetylation of H2A. Having
established that all of the histone tails show significant increases
in dynamics upon acetylation, we next asked how the NCP core
would be affected by this modification. To this end, we used
methyl-TROSY-based methods, as the backbone amides were
not visible in the core region of the nucleosome particle. Four
acetylated NCP samples, each comprised of a single acetylated,
ILV-labeled histone (the remaining histones were deuterated),
were prepared and analyzed by recording 'H-""C heteronuclear
multiple quantum coherence (HMQC) spectra (37 °C, 23.5
T). Fig. 34 shows overlays of datasets recorded of unmodified
(black) and acetylated (red) NCPs focusing on histones H2A
(Left) and H3 (Righr). Similar quality spectra were obtained with/
without acetylation for H3, as well as for H2B, and H4 with
only small CSPs primarily in the tail regions where acetylation

pnas.org
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Fig. 3. Acetylation of H2A, but not other histones, leads to significant conformational heterogeneity. (4) Overlay of "H-'>C HMQC spectra of H2A- (Left; ILV-
H2A) or H3- (Right; ILV-H3) unmodified (black) or acetylated (red) NCPs, recorded at 23.5 T, 37 °C. One-dimensional traces at the '3C resonance frequencies of
V106b and V99b highlight the changes in peak intensities upon acetylation. Stereospecific assignments for prochiral methyl groups of Leu and Val are indicated
wherever they are available; otherwise, methyls are denoted by “a” or “b.” (B) Methyl group peak intensity ratios (acetylated/unmodified; for example, /4124
for ILV-labeled histone H2A in the NCP) plotted as a function of sequence. Insets show peak intensity ratios for all residues, including in the N-terminal tails where

intensity ratios are greater than 0.8 (Top) or 1.5 (Bottom).

occurs (8] Appendix, Fig. S44). Notably, methyl peak intensities
in core regions remained relatively uniform for histones H2B,
H3, and H4, consistent with little change in mobility upon
acetylation, while methyl groups localized to the tails showed
increased intensities (Fig. 3 B, Bortom and SI Appendix, Fig. S4B)
upon acet;rlation, indicating increased dynamics, as expected
from the "N data. In contrast, the quality of the H2A spectrum
was significantly compromised by acetylation with significant
peak broadening, more extensive peak shifts (Fig. 3 A, Leff), and
reduced intensities throughout, but especially focused on the
C-terminal region extending from residues 92-114 (Fig. 3 B, 1op).
As with the other three histones, the N-terminal tail of H2A was
more dynamic in the acetylated state, as evidenced by the threefold
increase in the intensity of the correlation from V8 relative to the
unmodified tail.

The extensive broadening of crosspeaks in HMQC spectra of
acetylated H2A, especially for the methyl groups localized to the
C-terminal region of the histone (Fig. 3 B, Top), is consistent with
dynamics on the ps-ms timescale. In order to quantify this motion
in a more rigorous manner, we recorded methyl-TROSY-based
Carr—Purcell-Meiboom-Gill (CPMG) relaxation dispersion
experiments (54) on both acetylated and unmodified ILV-labeled
NCP samples (one histone labeled at a time) at both 14.1 T and
23.5 T. In this class of experiment, the effective transverse relax-
ation rates of multiple-quantum coherences (R, o) are measured
as a function of the number of chemical shift refocusing pulses,
Ry 5 V8. Vepnc Wepne = 1/(46), where 26 is the time between
successive pulses], and the resultant dispersion profiles fit to a
model of chemical exchange. Flat profiles were observed for all
histones within the unmodified NCPs, and for NCPs comprising
one of the acetylated H2B, H3, and H4, indicating that ps-ms
timescale motions could not be detected using methyl group
probes in these molecules. However, acetylation of histone H2A
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led to measurable ps-ms timescale dynamics (red circles in Fig. 44),
as the profiles are not flat, a result ex;l)ected from the relatively
poor quality of the corresponding "H—""C spectrum. A model of
two-site chemical exchange was able to fit the dispersion profiles
(Fig. 44 and SI Appendix, Fig. S5; black lines), yielding values of
the exchange rate and population of a minor second state of 900
+ 100 s and 14 + 1%, respectively. Interestingly, significantly
different R, rates were observed at high v/py values in profiles
derived from H2A methyl groups in acetylated and unmodified
NCPs (for example, V42, L107, L115 in Fig. 44). In the case of
V42 and L107, the higher R, ,rates at vcpy = 1.2 kHz, where
the dispersions have plateaued, suggest that in addition to motion
within the ms window, acetylation introduces faster dynamics
within the ps timeframe whose effects cannot be eliminated with
the pulsing frequencies used. In the case of L115, the deviation
observed, whereby acetylation lowers R, svalues, reflects the fact
that the interaction between the C-terminal tail residues and
nucleosomal DNA is diminished by acetylation, giving rise to
increased mobility and hence slower transverse relaxation. In gen-
eral, both ps-ns motions and ps dynamics may be present and
whether the plateau regions of the profiles derived from methyl
groups within H2A-acetylated NCPs are above or below the cor-
responding plateau regions in curves from unmodified NCPs
depends on the relative contributions of the dynamics from each
of the motional regimes.

Many of the sites displaying increased pis-ms timescale dynamics
are localized to the H2A docking domain, a region including
residues 81 to 116 that plays an important role in stabilizing the
NCP by making interactions with the neighboring histone H3
(Fig. 4 B, Top Inser and Discussion) (55), while V42 is within the
L1 loop that forms L1-L1I loop contacts between adjacent H2A
histones, thus further stabilizing the core structure (Bottom Inset)
(55). It is noteworthy that some of the acetylation sites on H2B,
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Fig.4. H2Aps-nsand ps-ms dynamics are significantly affected by acetylation. (4) '"H-">C multiple-quantum CPMG relaxation dispersion profiles of unmodified-
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°C, are shown in S/ Appendix, Fig. S5. Best fits from a combined analysis of datasets recorded at both fields are shown as solid lines. (B, Left) Structure of the NCP
[PDB ID: 1KX5], highlighting the docking domain (Right, Top) and the L1 loop (Right, Bottom) with the following color scheme, yellow (H2A), red (H2B), blue (H3),

green (H4), and gray (DNA). Methyl groups with R;,ei100 Hz) -

R;,62000 Hz) > 7 s ' are indicated as spheres in the zoomed images. The electrostatic interactions

between lysine residues (K35, K73, and K74) and the phosphate backbones of nucleosomal DNA are shown in the zoomed images. (C) Linear correlation plots

2
of saxis

7¢ values of corresponding methyl groups in NCPs comprised of unmodified vs acetylated histones, as indicated. Dashed and solid lines correspond to

y = x and best linear fits, respectively. Equations for solid lines are indicated in the panels. All data were recorded at 23.5 T, 37 °C, with the exception of data
for H2A which were obtained at 14.1 T, 37 °C, to minimize contributions from ps-ms timescale dynamics. H2A residues with significant deviation fromy = x are

indicated with their residue numbers.

H3, and H4 are proximal to DNA (8] Appendix, Fig. S6), much
like for H2A, yet modification of these did not lead to conforma-
tional heterogeneity of the core. Thus, whether significant effects
on the structural dynamics of the NCP core region are observed
must depend on the location of the modified sites in relation to
the DNA, and on the nature of the histone-histone and histone—
DNA interactions in the region of the perturbation.

Having established that acetylation of H2A leads to ps-ms
timescale motions in key regions involved in interhistone contacts,
we asked whether we could observe changes to dynamics in the
ps-ns window. We, therefore, recorded experiments that are sen-
sitive to intramethyl group '"H-'H relaxation from which

site-specific values of $2 _ 7~ could be obtained, where S,,;, is the

order parameter for the methyl three-fold axis, reflecting the
amplitude of motions of the methyl group in question, and 7 is
a residue-specific effective correlation time for the overall rotation
of the methyl (S Appendix, Fig. S7). Strong correlations are
observed between § Zx .7 values for corresponding methyl groups

https://doi.org/10.1073/pnas.2301063120

in NCPs containing acetylated and nonacetylated H2B, H3, and
H4 (Fig. 4C; solid lines), with the slight deviation from y = x
(dashed line) likely reflecting the minor differences in overall tum-
bling times of the particles caused by the histone modifications,
and, therefore, the subsequent changes in the interaction between
the tails and the core particle. In contrast, the correlation is much
worse for H2A (Fig. 4 C, Lef?), in particular for residues in the
C-terminal portion of the docking domain (V113, L115), and in
the L1 loop (V42) for which § jx .7 values decrease upon acetyl-

ation (increased motion) and for other residues in the docking
domain that are more central (for example, L82, 192, 1L.95) and
which showed changes in slower timescale dynamics as well
(Fig. 44 and SI Appendix, Fig. S5).

In order to test whether acetylation of the four C-terminal lysine
residues in H2A (K117, K118, K121, and K122) —and hence the
decrease in tail-DNA interactions — are responsible, at least partly,
for the observed changes in core particle dynamics relative to
unmodified H2A, we prepared an H2A mutant wherein a portion
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of the C-terminal tail including all the four terminal lysine residues
was deleted (eight residue deletion, referred to as P116%; the aster-
isk represents a stop codon). In this sample, interactions between
the C-terminal tail and nucleosomal DNA are eliminated, as the
lysines are missing, much like when the C-terminal lysines are
acetylated, so that the absence of terminal lysine-DNA interac-
tions on core dynamics can be readily assessed. Relaxation disper-
sion profiles (us-ms timescale motions) and ij LTC (ps-ns) values

for an H2A P116* NCP sample (no acetylation) were measured.
Notably, only flat CPMG profiles were obtained (S/ Appendix,
Fig. S8A), with some changes in ps-ns motions involving the
C-terminal tail (for example, V99, V106, and L115) although not
as extensive as before (SI Appendix, Fig. S8B). This suggests that
a major contribution to the observed dynamics of acetylated H2A
NCPs derives from acetylation at sites distinct from the C termi-
nus. Indeed, extensive peak broadening, especially focused on the
H2A docking domain, was present in the HMQC spectrum of a
mutant H2A (K73Q, K74Q, P116*) NCP sample (SI Appendix,
Fig. S9), where the lysine to glutamine substitutions at positions
73 and 74 are mimics of acetylation (34). In addition, the residues
in the docking domain exhibited large CPMG dispersion profiles
(SI Appendix, Fig. S8B). Very similar increases in dynamics were
observed upon acetylation of H2A, as discussed above (Fig. 44),
establishing the importance of K73 and K74 in stabilizing the
core particle (Fig. 4 B, Top Inset).

Effect of Acetylation on NCP-Enzyme Interactions. The regulation
of enzymatic functions occurring on nucleosome-associated DNA
can be controlled by the strength of the histone~-DNA interactions
(56, 57). We hypothesized, therefore, that the acetylation-
dependent dynamical changes we observed by NMR, involving
each of the histone tails, and the core region of H2A, might
correlate with enhanced DNA-directed enzymatic activity in the
context of the NCP. To test this hypothesis, and to further establish
the relative effects of acetylation of different histones, we designed
NCPs with a single-strand break-containing 601-DNA sequence
to use in a DNA ligation assay (Fig. 54). The 5'-phosphates were
removed from the ends of the DNA to ensure that ligase activity
was only localized to the nicked region (ST Appendix, Materials
and Methods), and a fluorophore was attached on the 3’-end for
easy visualization on urea-denaturing gels (Fig. 5B). DNA ligases
must fully encircle duplex DNA in order to catalyze ligation,
possibly explaining why some ligases, such as DNA ligase 3
(LIG3), exhibit diminished activity on nicked DNA substrates
that are incorporated into nucleosomes (58, 59). Ligase activities
were measured by quantifying the extent of repair over time
via analysis of ligation gels (Fig. 5 B and C and SI Appendix,
Fig. S10A4) from which repair rates were calculated (Fig. 5D and
SI Appendix, Fig. S10B). Under the conditions used in our assay,
we observed low amounts of LIG3 activity on nicked 601-DNA
in unmodified or acetylated H2B NCPs (Fig. 5D; see Inset of
Fig. 5D for the position of the DNA nick), with slightly higher
rates for NCPs containing acetylated H3 or H4. Notably, ligation
increased dramatically when H2A was acetylated. Different
combinations of acetylation on multiple histones caused varying
effects, though generally the extent of ligation was greater than
when any of the histones included in the combination were
acetylated separately. In particular, acetylation of the H2A-H2B
dimer caused a further increase in ligation beyond that measured
for H2A acetylation alone (Fig. 5D), and more than would be
expected if the effects were additive, suggesting that some level of
cooperativity may emerge when multiple histones are acetylated
simultaneously.
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As H2A acetylation showed the strongest effect in our ligation
assay, we were interested in exploring what modifications might
be most responsible for the large increase in DNA repair. In order
to investigate the role of acetylation at the four C-terminal lysine
residues, we prepared nicked-601 DNA-containing NCPs with
the P116* truncation (no acetylation) and observed only a small
increase in the ligation rate (Fig. 5 Cand D). As described above,
the H2A C terminus contains a segment called the docking
domain that strongly influences nucleosome stability and the
extent of transient DNA unwrapping (55, 60), and several of the
identified acetylation sites in H2A are adjacent to this region
(Fig. 1C, K73 and K74). We therefore monitored ligation in a
mutant H2A (K73Q, K74Q), P116*) NCP sample, noting a sig-
nificant increase in repair rates (Fig. 5 C'and D), although much
less than observed for the acetylated H2A sample. It is likely,
therefore, that a synergistic effect involving lysine modifications
at both N- and C-terminal H2A tails, spanning the length of the
nucleosome, as well as lysines that are in the core region, is required
to achieve the high levels of ligation rates noted for acetylated
H2A. However, we cannot rule out the possibility that the K to
Q mutations do not fully recapitulate the effects of acytelation.

In order to validate the remarkably high repair rates noted for
acetylated H2A NCPs, we employed a micrococcal nuclease
(MNase) sensitivity assay to evaluate how the different histone
acetylation patterns modulate accessibility of nucleosomal DNA.
MNase is a sequence-nonspecific exo- and endonuclease which
readily degrades exposed DNA — that is, DNA that is not engaged
in protein interactions. The ability of nucleosomes to protect DNA
from MNase digestion is well established (61, 62). We found that
the 601-DNA contained in unacetylated NCPs was partially
degraded by MNase within 5 min under the prescribed reaction
conditions (SI Appendix, Materials and Methods and Fig. 5E). The
extent of degradation was qualitatively similar for NCPs contain-
ing acetylated H2B, H3, or H4 but was substantially higher in
the case of H2A acetylation. As in the ligation experiments, the
extent of MNase digestion was further enhanced when multiple
histones were acetylated simultaneously, with the greatest effects
again emerging in combinations that included acetylated H2A.

Different Acetylation Patterns Disrupt Internucleosome
Interactions to Various Degrees. The NMR spin relaxation
experiments described above focus on intra-NCP interactions
and how changing these by acetylation affects core particle
dynamics, and ultimately the interaction of NCPs with other
protein molecules such as those involved in DNA ligation and
degradation. Yet, chromatin structure depends on interactions
between nucleosomes (63) and it is well established that histone
tails are crucial for internucleosome interactions (64), with
contacts between the H4 tail and the H2A/H2B acidic patch
known to be particularly important (65). We were interested,
therefore, to see whether tail modifications through acetylation
would regulate interactions between single nucleosome particles as
well. We measured dynamic light scattering (DLS) and extracted
z-average diffusion constants (D,) of unmodified and acetylated
NCPs across a range of NCP concentrations spanning 1 to
100 uM (Fig. 64) in the presence of 100 mM sodium chloride and
20 mM sodium phosphate (and in the absence of sodium chloride,
SI Appendix, Fig. S11A4). Values of the effective hydrodynamic
radii, R, of the particles (calculated using the Stokes—Einstein
relation) as a function of NCP concentration are shown in Fig. 64,
with linear fits illustrated. The D, vs. NCP concentration profiles
(Fig. 6 B, Lefi) could be well fit using a self-assembly model
(Fig. 6 B, Right, Bottom and SI Appendix, Materials and Methods),
assuming that the association of neighboring NCPs occurs via a
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Fig.5. Modulation of nucleosomal DNA accessibility and ligase activity by histone acetylation. (A) Overview of nicked DNA-containing NCP reconstitution. Terminal
5'-phosphates in 601-DNA are removed by alkaline phosphatase treatment, followed by introduction of a single-strand nick by the site-specific endonuclease,
Nt.BsmAl, 31 base pairs from the 3’ end of the sense strand. An AlexaFluor647 dye is added onto the 3’-end of the nicked strand before the DNA is incorporated
into NCPs for ease of visualization in ligation assays (see S/ Appendix, Materials and Methods for more details). (B) Denaturing gel images displaying the DNA
products from ligation assays of NCPs with no acetylated histones (“unmodified”) and NCPs containing acetylated H2A (remaining ligation assay gels are shown
in SI Appendix, Fig. S10A). The position of the nicked fragment before (“Nicked”) and after ligation is visualized by the fluorescence signal of the AlexaFluor647
dye adjoined to it. (C) Quantification of ligation in the unmodified NCPs, and NCPs containing mutant H2A (P116* and K73Q, K74Q, P116%). Solid lines are best
fits from linear regression. (D) Rates of ligation of nicked nucleosomal DNA in NCPs with different combinations of acetylated histones, as indicated, given by
the slopes of the linear fits in C and in S/ Appendix, Fig. S10B. The error bars are errors of the slopes obtained from linear regression. (Inset) The position of the
single-strand break is highlighted with a pink bolt. (E) Representative images of denaturing gels resolving the DNA degradation products from MNase digestion
reactions containing the variably acetylated NCPs. DNA species are detected via SYBR Gold staining. Note that because the MNase assays were performed on
nicked DNA samples, illustrated in A, three bands would be expected (see columns where MNase was not added) in the absence of any digestion, corresponding
to a full-length 601-DNA strand (153 base pairs) and smaller fragments of 122 and 31 base pairs derived from the nicked strand.

stacking mode, as illustrated in the cryogenic electron micrograph
of the unmodified sample showing extensive stacking of particles
(Fig. 6 B, Right 10p). The resulting dissociation constants for NCP
addition (K, = 1/K}), R, values, and slopes of R), vs (NCP) profiles
(Fig. 64) are shown in Fig. 6C, and the distribution of particle
sizes comprised of a given number of stacked NCPs is shown in
SI Appendix, Fig. S11B.

Compared to unmodified particles, acetylation of single histones
in the context of NCPs reduced the inter-NCP aflinities regardless
of which histone was modified, with a rank order of unmodified
(strongest affinity) > AcH2A - AcH2B > AcH3 > AcH4. R, values,
extrapolated to zero NCP concentration (R, _,,,), also varied, with
R, ..., values of the NCPs containing acetylated H2A or acetylated
H3 being approximately 0.5 nm larger than for the other acetylated
NCPs whose values were similar to the unmodified particle.
Acetylation of H3, whose N-terminal tail is longest among the
histones, may lead to an increase in effective particle size by extend-
ing the charge-neutralized large histone tail outward from the NCP.
In the case of H2A, whose C-terminal tail interacts with the DNA
entry/exit sites, the increased R, ,,, may be the result of increasing
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nucleosomal DNA unwrapping, either by decreasing contacts
directly with the acetylated tail, or perhaps indirectly, by weakening
key H2A-DNA interactions involving, for example, K73 and K74
in the unmodified histone.

Discussion

Epigenetic modifications of chromatin add a critical layer to the
regulation of gene activity (1, 2) and for controlling the fidelity
of the genome (3, 5). An important marker is acetylation of lysine
sidechains which modulates chromatin compaction (66) and
hence transcription, regulates the phase separation propensity of
chromatin (67), and serves as a signal for DNA damage repair
(25). While it is known that epigenetic marks can affect the com-
paction level of chromatin, how marks on different histones, and
at different sites within a given histone, result in site-specific
motional changes over a range of time scales, and how such
changes affect enzyme—nucleosomal DNA interactions remain
largely unexplored. We have chosen to focus on each of the four
core histones, one at a time, in the context of NCPs in much of
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Fig.6. Quantifying internucleosome interactions of unmodified and acetylated NCPs. (A) Hydrodynamic radii of NCPs plotted as a function of NCP concentration
(ACH2A-NCP refers to an NCP with acetylated H2A and so forth). Hydrodynamic radii, R, were calculated using the Stokes-Einstein equation and diffusion constants
from DLS shown in B. Solid lines are best fits from linear regression. (B) Diffusion constants of the unmodified and acetylated NCPs determined by DLS, 25 °C.
Dashed lines are best fits obtained from the self-assembly model shown on the right side of the plot (S/ Appendix), where it is assumed that NCPs stack on top
of each other, as illustrated in the cryo-EM micrograph of unmodified NCPs, 100 mM NaCl, showing fiber-like structures. The white scale bar corresponds to

20 nm. (C) Parameters extracted from the fits in A and B.

this work, recognizing that despite their structural similarities,
each histone plays distinct roles in maintaining and regulating
nucleosome structure and dynamics. Further, our aim was to max-
imize the degree of acetylation on each histone, while still main-
taining intact and well-formed particles (Fig. 14), in order to
amplify structural and motional changes and achieve as much
sample homogeneity for NMR studies as possible. This approach
comes with the cost of inaccurately recapitulating biological acetyl-
ation patterns. However, we believe that a more comprehensive
degree of acetylation allowed us to uncover nuanced effects which
may not have emerged if fewer sites were acetylated less regularly.
Here, focusing on NCPs as the simplest building block of chro-
matin, we have carried out backbone "N NMR spin relaxation
experiments which establish that acetylation of a given histone
has a marked effect on its tail dynamics, significantly increasing
motion that results from a weakening of tail-DNA interactions.
‘The magnitude of this effect varied among histones and was largest
for H2A and H3, although within a given tail the motional
changes did vary. In order to study the more ordered sections of
the NCP, where 'H-""N NMR experiments fail, we have used
methyl-TROSY-based approaches and highly deuterated, methyl
protonated samples, again focusing on one histone at a time. A
strong correlation of methyl group ij . 7¢ values for histones

H2B, H3, and H4 with and without acetylation was observed,
suggesting that there is little dynamic coupling between histone
cores and tails on the ps-ns timescale, and that, therefore, the
increased levels of tail motion resulting from acetylation is pre-
dominately a direct effect involving histone—-DNA interactions.
In contrast, acetylation of H2A had a significant effect on the
structural dynamics of the core region of this histone, as evidenced
by poor-quality 'H-""C correlation spectra (Fig. 34), and signif-
icant changes in both ps-ns and ps-ms timescale motions (Fig. 4
A and C). Relaxation studies highlight that acetylation of H2A
leads to significant changes in the dynamics of the docking domain
and the L1 loop (see residues in Fig. 4 B and C, Leff) that are
integral to NCP stability, potentially contributing to the increased
motion observed at the level of the H2A tails. Notably, the core
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H2A dynamics were largely suppressed in the (unacetylated) H2A
P116* truncation mutant, suggesting that weakening of H2A
tail-DNA interactions, either through acetylation of K117, K118,
K121, and K122 or simply truncation of this region, is not suffi-
cient to promote the conformational heterogeneity in the docking
domain/L1 loop regions that was observed for highly acetylated
H2A. Rather the conformational heterogeneity throughout the
docking domain results from acetylation of lysine residues 73 and
74 in the L2 loop bridging helices a2 and a3, whose sidechains
make direct electrostatic contacts with the DNA phosphate back-
bone in super helix location 6, since a mutant H2A (K73Q,
K74Q, P116*) NCP construct was able to recapitulate these
motions. We note that these lysine residues are known biological
targets of acetylation (68), are mutated to Asn in H2A
onco-histones (69), and are altered to Gly 78 and Glu 79 in
human histone variant H2A.B (70). In a cryo-EM structure of
NCPs containing H2A.B, these residue substitutions were asso-
ciated with destabilization of the same DNA contacts described
above (70), further pointing to the potential importance of K73
and K74 acetylation in regulating nucleosome structural dynamics
in this region. In this regard, H2A.B-containing NCPs show an
increase in accessibility to nucleases, increased propensity for DNA
unwinding at the DNA exit/entry points, and decreases in the
efficacy of chromatin remodeling by the chromatin structure
remodeling complex (60).

In addition to the changes in dynamics of the docking domain
that accompany acetylation of K73 and K74, it is likely that the
corresponding modification of K35 increases conformational het-
erogeneity in the L1 loop, as probed by V42 that shows changes
in pus-ms and ps-ns timescale dynamics (Fig. 4 A and C). The
increased conformational heterogeneity in this region may be
reporting on the destabilization of L1-L1 interactions that bridge
the two H2A histones in the NCD, as acetylation of K35, located
proximal to L1, would eliminate a salt-bridge linking this lysine
to the DNA backbone (Fig. 4 B, Right Bottom). It may be that the
unique proximity of this region to H2B could further implicate
it in the cooperative effect we see with H2A-H2B acetylation in
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the ligation assay (Fig. 5D). Such synergistic effects highlight the
complexity by which acetylation regulates the structure and
dynamics of the NCP to yield functional outcomes. Notably, H2A
variants can differ significantly in amino acid composition from
the canonical H2A in the L1 loop, thus regulating the structural
dynamics in this region which then can propagate to more distal
regions of the nucleosome (71). It seems likely that acetylation
can achieve the same result.

The relaxation data presented here inform on intra-NCP inter-
actions, as substantiated by several lines of evidence. First, by
reducing the salt concentration by omitting sodium chloride from
all NMR samples, as was done in this study, inter-NCP contacts
are greatly attenuated. For example, although the effective sizes of
particles (R)) increase with NCP concentration in the presence of
100 mM salt (Fig. 6 A and B), a sign of interparticle interactions,
the R, vs. [NCP] profile without salt has the opposite slope
(SI Appendix, Fig. S11A) resulting from nonideality effects asso-
ciated with the charged NCPs (72). Second, although a very strong
correlation between methyl group S2_ 7 values is observed for
histones H2B, H3, and H4 in acetylated and unmodified samples,
the slight overall increase in ij,-ffc upon acetylation, in particular
for the H2B sample (Fig. 4C), argues against a contribution from
inter-NCP contacts, as these are reduced upon acetylation

(Fig. 64) and would lead to a decrease in §2_ 7 . Rather, changes
in §2 . T point to an increase in particle size due to weakened
axis

contacts between histone tails and DNA that promotes an exten-
sion of the tails from the core. Third, a comparison of ps-ns times-
cale dynamics for H3 tails shows little difference between samples
prepared in buffers with either 0 or 100 mM sodium chloride,
consistent with little effect from association between particles
(SI Appendix, Fig. S12). Acetylation does, however, have a pro-
nounced role in regulating chromatin structure (i.e., decreasing
inter-NCP interactions in chromatin (34, 73)), and the impor-
tance of the H4 tail in controlling compaction of chromatin
through internucleosome contacts via the acidic patch has been
well documented (65), especially in simulations (74) and through
experiments involving polynucleosomal arrays (34, 73). Notably,
we were able to recapitulate these effects with individual NCPs,
showing that acetylation attenuates particle oligomerization in a
histone-dependent manner, with acetylated H4 NCPs the most
protective against aggregation. A simple oligomerization scheme
was developed (Fig. 6B and SI Appendix, Materials and Methods)
which explains NCP concentration-dependent DLS data recorded
at 0.1 M NaCl, with acetylation of H4 decreasing inter-NCP
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In summary, our results highlight the nuanced roles that histone
acetylation plays in modulating nucleosome core particle structural
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spot regions where the dynamics are significantly affected by acetyl-
ation, leading to pronounced changes in interactions between NCPs
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Materials and Methods
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