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ABSTRACT: The fundamental repeat unit of chromatin, the
nucleosome, consists of approximately 147 base pairs of double-
stranded DNA and a histone protein octamer containing two
copies each of histones H2A, H2B, H3, and H4. Each histone
possesses a dynamically disordered N-terminal tail domain, and it
is well-established that the tails of histones H3 and H4 play key
roles in chromatin compaction and regulation. Here we investigate
the conformational ensemble and interactions of the H4 tail in
nucleosomes by means of solution NMR measurements of
paramagnetic relaxation enhancements (PREs) in recombinant
samples reconstituted with '*N-enriched H4 and nitroxide spin-
label tagged H3. The experimental PREs, which report on the
proximities of individual H4 tail residues to the different H3 spin-
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label sites, are interpreted by using microsecond time-scale molecular dynamics simulations of the nucleosome core particle.
Collectively, these data enable improved localization of histone H4 tails in nucleosomes and support the notion that H4 tails engage

in a fuzzy complex interaction with nucleosomal DNA.

B INTRODUCTION

Chromatin is a dynamic protein—DNA complex that acts to
compact eukaryotic genomes and regulate DNA accessibility.
The basic repeat unit of chromatin, the nucleosome core
particle (NCP), contains ~147 base pairs (bps) of a DNA
double helix wrapped ~1.7 times around a histone octamer
protein complex composed of two copies each of histones
H2A, H2B, H3, and H4. Each histone contains a structured
globular core domain and a positively charged ~15—35 amino
acid (aa) residue N-terminal tail domain. Early experiments
using trypsin digestion and nuclear magnetic resonance
(NMR) spectroscopy provided initial evidence that histone
N-terminal tails are exposed on the outside of nucleosomes
and highly flexible,"” and these insights were confirmed by the
first high-resolution X-ray crystal structure of the NCP.’
Indeed, in this and subsequent X-ray (as well as cryoelectron
microscopy) NCP structures, electron density is typically
missing for extreme N-terminal residues, while for residues
further downstream the electron density is usually weak and
disjointed. In some cases, certain histone tail fragments can be
resolved due to their interactions with neighboring nucleo-
somes within the crystal lattice, allowing for the tails to be
partially reconstructed (e.g., Figure 1C).”"

The fact that histone tail domains are conformationally
disordered and dynamic and project outward into the solvent
is key to their functional role, where they provide “mooring
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lines” for hundreds of chromatin-associated proteins (CAPs).
The latter regulate chromatin assembly and remodeling and
serve as accessory proteins to activate or repress transcription.5
Notably, histone tails are also processed by histone-modifying
enzymes (HMEs), resulting in the addition or removal of
various post-translational modifications (PTMs). Among the
most common PTMs are lysine and arg1n1ne methylation as
well as (charge-altering) lysine acetylation.” The pattern of
these and other modifications, termed the “histone code”,’

serves to tune the affinity of histone tails for different CAPs as
well as their interactions with proximal nucleosomes in
chromatin.® In summary, histone tails are a focal point of an
extremely vast and complex dynamic network, of which we
have only a relatively limited understanding at the atomistic
level.

In the present study, we pursue detailed characterization of
the structural ensemble and interactions of the dynamically
disordered histone H4 N-terminal tails in nucleosomes.
Previous studies employing solution- and solid-state NMR
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Figure 1. Measurement of paramagnetic relaxation enhancements for H4 N-terminal tail residues in nucleosomes. (A) Amino acid sequences of
Xenopus laevis histones H3(C110A) and H4. Underlined residues are relatively unstructured and associated with low electron densities and/or high
B factors in the NCP X-ray crystal structure (PDB entry 1KX5).* The H3 core helices are indicated by gray rectangles and labeled underneath; the
spin-label incorporation sites are denoted by black boxes around the relevant residues. The most flexible H4 tail residues, up to and including A1S,
are typeset in thin font. (B) Schematic r J)resentation of a paramagnetic nitroxide spin-label (MTSL) conjugated to a cysteine residue in a protein.
The resulting side-chain is termed R1.°*>> (C) Crystal structure of the nucleosome core particle (PDB entry 1KX5) with histone H3 colored blue
and histone H4 colored green. The spin-labeling sites in histone H3 (viz., C* atoms of the relevant residues) are indicated by colored spheres and
labeled for one of the H3 copies. Locations of representative H4 tail residues are also indicated. (D) "N—"HY HSQC NMR spectra of the H4 N-
terminal tail in nucleosomes reconstituted with spin-labeled histone H3 and *N-labeled H4. Shown in each panel is a superposition of
paramagnetic (red) and reference diamagnetic (blue) spectra, plotted at the same contour level, for each NCP sample (as identified at the top of
the panel); the reference diamagnetic samples were generated by addition of sodium ascorbate to the corresponding paramagnetic nitroxide spin-
labeled sample. Resonances for A15 and all glycine residues are aliased in the '*N dimension. Representative one-dimensional 'H traces are shown
in the insets for residue L10 in the 65R1 and 79R1 samples. All NMR data were recorded at 25 °C at 'H frequency of 850 MHz on NCP samples
with concentration of ~40—45 sM in aqueous buffer solution containing S mM Tris, 0.5 mM EDTA, 100 mM NaCl, 0.1 mM MgCl,, and 5% D,O
at pH 7.0. (E) Ratios of peak volumes for H4 N-terminal tail residues in HSQC NMR spectra recorded for paramagnetic and diamagnetic NCP
samples, V,,,./ Vi used to determine residue-specific PREs (cf. Table S1). Given the high sensitivity of the HSQC NMR spectra, the uncertainties
in Vyyaa/ Vi, ratios were 0.01 or smaller for virtually all residues in the different samples studied and within the size of the symbols used to depict the
data. For clarity, the error bars were therefore omitted from the plot. The color coding that identifies the four spin-labeled NCP samples is shown in
the figure legend and corresponds to that used for spin-labeling sites in panel C.

methods have found that ~15—20 N-terminal H4 residues are somes'’ and in highly condensed large nucleosome arrays.''
largely dynamically disordered in soluble nucleosomes’ and Due to its high positive charge, the H4 N-terminal tail is
that this dynamic disorder persists in compacted nucleo- expected to generally localize near and interact with negatively
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charged nucleosomal DNA (nDNA). However, quantitative
measurements of residue-specific NMR spin relaxation rates
for H4 tails in nucleosomes coupled with microsecond time-
scale molecular dynamics (MD) simulations revealed that
electrostatic and hydrogen-bonding interactions between H4
tail residues and nDNA are highly transient and dynamic even
at low ionic strength,'” following the “fuzzy complex”
paradigm.'>"® While this previous study of H4 tails in
nucleosomes yielded valuable insights about the nature of
nDNA—H4 tail interactions, the experimental NMR methods
used were not suited to directly probe proximities of H4 tail
residues to different regions of the nucleosome or the extent to
which the H4 N-terminal tail is sequestered by nDNA. These
aspects, therefore, remain largely unexplored, although they are
potentially important for understanding H4 tail accessibility to
CAPs (and HMEs) and its availability to form internucleoso-
mal connections® as well as the recently reported crosstalk
between H4 and H3 tails.'*'*

As noted above, high-resolution structural techniques, such
as X-ray crystallography or cryo-EM, are generally unable to
localize the disordered histone tail domains in nucleosomes.
Instead, this problem can be uniqueléy addressed by multi-
dimensional NMR spectroscopy’ ' ”'®"*'—in particular, by
measurements of residue-specific proton paramagnetic relaxa-
tion enhancements (PREs), which report on distances between
individual backbone amides and covalent paramagnetic tags
attached at specific protein sites and are significant over
distances up to ~20—30 A. For structured biomolecules in
solution, the PRE-based restraints can be used to build or
refine structural models,”*>° and indeed, studies along these
lines have been reported for nucleosome particles and their
complexes with CAPs.”' ~** This approach relies on the well-
known Solomon—Bloembergen equation®® which represents
PRE rates as a product of distance- and dynamics-dependent
terms, where the latter can be determined from heteronuclear
relaxation measurements”” and the former can be converted
into structural restraints. Additionally, methods have been
developed to account for the conformational flexibility of
paramagnetic tags.’”*° In contrast, for dynamically disordered
protein domains, such as histone N-terminal tails in
nucleosomes, the distance- and dynamics-related variables
cannot be readily deconvoluted. In these cases, the measured
PRE rates are often interpreted in a qualitative manner using
one of the empirical random-coil models as a point of
reference.”’ >° Otherwise, it is common to make certain
simplifying assum})tions about the dynamics of the disordered
peptide chain.**~** Using these assumptions, one can employ
PRE data to construct structural models of disordered proteins,
typically in a form of multimember conformational ensem-
bles.*””* In addition, specialized methods have been
developed to facilitate the extraction of distance information
and circumvent the dependence of PREs on dynamics.*>*’

In our earlier studies of disordered proteins, we have pointed
out that PREs in such sgrstems can be rigorously calculated
from MD trajectories.””* Historically, the use of MD
simulations to analyze PRE data has been hampered by two
factors: the short length of MD trajectories and poor
performance of MD force fields in the modeling of disordered
polypeptides. Both of these factors are no longer as limiting,
With the advent of GPU computing it has become possible to
routinely record microsecond trajectories of fully or partially
disordered systems in large simulation cells.’’ At the same
time, a new generation of force fields has been developed

(notably including new water models) with the intent to model
both structured and disordered proteins.”"”>> Here we take
advantage of these recent advances to show that long MD
simulations of the nucleosome core particle can broadly
reproduce the experimental PREs measured for histone H4 N-
terminal tails in nucleosome samples carrying paramagnetic
nitroxide tags attached to different histone H3 sites.
Altogether, our results provide a realistic model for the
conformational ensemble and interactions of the dynamically
disordered H4 tails in nucleosomes.

B RESULTS AND DISCUSSION

Spin-Labeled Nucleosome Samples. Four different
paramagnetically labeled NCP samples reconstituted with
recombinant Xenopus laevis histones and the 147-bp Widom
601 DNA motif”’ were used in this study. Specifically, as
described in detail in the Supporting Information, we
employed a histone H3 construct containing the well-studied
C110A mutation”"" which removes the lone native cysteine
residue while preserving the native histone structure and,
starting with this construct, generated the following single-
cysteine mutants of H3: K36C, L65C, K79C, and Q125C
(Figure 1A). Each H3 mutant was combined with "*N-labeled
histone H4 along with unlabeled histones H2A and H2B to
produce the histone octamer complex, which was then
incubated with excess MTSL nitroxide spin-label reagent
resulting in the tagging of histone H3 with the non-native
paramagnetic side-chain R1 (Figure 1B) at the unique cysteine
site>** and subsequently reconstituted with the Widom 601
DNA to generate the NCP sample used for the NMR studies.
For brevity, the spin-labeled NCP samples are termed 36R1,
65R1, 79R1, and 125R1.

Note that the specific H3 mutation sites selected for this
study all correspond to solvent-exposed residues located at the
nucleosome surface near nDNA in the coil region preceding
helix aN (K36), the ends of helix a1l (L6S and K79), and the
center of helix @3 (QIl2S5) to avoid any significant
perturbations of the NCP structure and assembly. Potential
structural perturbations were further minimized by the use of a
tagging protocol that involves spin-labeling of the properly
assembled histone octamer complex as opposed to individual
H3 molecules, with sample fidelity confirmed by mass
spectrometry and gel electrophoresis (see the SI text and
Figures S1 and S2 in the Supporting Information). Finally, the
locations of paramagnetic tag sites were selected to be within
or near the structured globular domain of H3 in order to
explore the H4 tail conformational dynamics relative to
multiple well-defined reference points within the NCP
structure (Figure 1C). These sites were also chosen to be
~20—60 A from one another to provide nonredundant data
reporting on the spatial distribution of the H4 tail.

Measurements of PREs in Spin-Labeled Nucleo-
somes. The PRE effects for histone H4 tail residues induced
by nitroxide tags attached to histone H3 were quantified by
recording for each spin-labeled NCP sample a pair of "N—"H"
heteronuclear single quantum coherence (HSQC) NMR
spectra: one for the paramagnetic nitroxide spin-labeled
sample and the other for the same sample but with the
nitroxide moiety reduced to diamagnetic hydroxylamine by the
addition of excess sodium ascorbate (SI text).

The HSQC NMR spectra of nucleosomes reconstituted with
"'N—H4 (Figure 1D) feature a limited number of resonances
corresponding to the most flexible H4 tail residues (aa ~1—1S;
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Figure 2. Comparison of experimental and MD-derived paramagnetic relaxation enhancements. (A, B) Experimental PREs averaged over histone
H4 residues 3—15 and over two copies of H4 in nucleosomes (coral bars) and the corresponding MD predictions (green bars). The MD results are
from TIP4P-D and OPC simulations (panels A and B, respectively). (C, D) Localization of histone H4 tail residues 1—15 in TIP4P-D and OPC
simulations (panels C and D, respectively). The images are based on the coordinate set 3LZ0.°" In constructing these images, we took advantage of
the 2-fold pseudosymmetry of the NCP such as to combine the data from the two H4 tails. Shown is the density of C* atoms for H4 residues 1—15;
the isosurfaces containing 50%, 90%, and 99% of the integral density are colored dark, medium, and light green, respectively. The nitroxide tag
attachment sites in histone H3 are indicated by spheres and labeled (cf. Figure 1C).

note that NMR signals for the two N-terminal residues are not
detected due to amide proton exchange”), with only one set of
peaks observed in the spectra, which indicates that there are no
major structural and dynamic differences between the two H4
N-terminal tails within the NCP. The remaining histone H4
residues reorient relatively slowly—including those in the
histone core with dynamics dominated by the slow overall
tumbling of the nucleosome particle (7, ~ 160 ns'*)—which
leads to severe spectral line broadening and prevents their
observation.

Superposition of the paramagnetic and corresponding
reference diamagnetic NCP spectra (Figure 1D) shows that
the presence of paramagnetic tags in H3 positions 65 and 79
causes dramatic attenuation of spectral resonances for most of
the H4 tail residues. On the other hand, spin-labels in H3
positions 36 and 125 cause only relatively minor reduction in
H4 tail peak intensities. Qualitatively, this can be readily
understood given that the former H3 sites are located in
relatively close proximity to the attachment point of the H4 N-
terminal tail, whereas the latter two are located some distance
away, including residue 36, which is separated from the H4 tail
origin by the nDNA helix. For each NCP sample, the ratio of
peak volumes in the paramagnetic and diamagnetic HSQC
NMR spectra, V,,,,./ Vi is plotted in Figure 1E as a function
of H4 residue number and was used to evaluate the residue-
specific PREs (SI text and Table S1) as described in detail
previously.**

Calculation of PREs from MD Trajectories. The
experimental PRE data were used to validate two different

MD models of the nucleosome core particle. The first one is
our own 2 us NCP trajectory recorded under Amber ff14SB
force field* using the TIP4P-D water model.”” Previously, we
have shown that this trajectory successfully reproduces N
relaxation data for the H4 N-terminal tail in nucleosomes.'”
The second one is a collection of NCP trajectories with the net
length of 41 us,”® which has been recorded in the Panchenko
laboratory using the same Amber ff14SB force field together
with the OPC water model.”” While TIP4P-D was originally
designed to improve the modeling of disordered polypeptides
(such as H4 tails), OPC was initially devised as a general-
purpose model and later shown to perform well for disordered
systems.60

The methodology used to calculate PREs from MD data is
described in detail in the Supporting Information. Importantly,
the algorithm employs rigorous Redfield-theory expressions,*®
which fully account for the relative motion of 'HN spins
(residing on the H4 tail) and the paramagnetic center (residing
on the core histone H3). This motion mainly stems from the
conformational dynamics of the histone H4 tail and can be
thought of as restricted diftusion; it efficiently modulates both
the orientation of the interspin vector and its length (i.e., the
distance between the two spins). The distinctive correlation
functions resulting from these dynamics are illustrated in
Figure S3.

Before we compare the MD-based predictions to the
experimental results, we note that for a given spin-labeled
sample there is relatively little residue-to-residue variation in
the measured PREs over the entire length of the N-terminal
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tail (cf. Figure 1E and Table S1). Considering limited
convergence of the MD-based residue-specific PRE calcu-
lations (discussed in more detail below), it is unlikely that
these small residue-to-residue PRE variations can be
reproduced. Therefore, we have elected instead to focus on
the tail-averaged experimental PREs for each of the four spin-
labeled NCP samples and compare these with similarly
averaged calculated PREs, which are less susceptible to the
convergence issues.

Comparison of Experimental and Calculated PREs.
Figures 2A and 2B show the comparison of experimental and
MD-derived PREs for simulations employing TIP4P-D and
OPC water, respectively. In these plots, the coral and green
bars indicate the experimentally measured and calculated
values, respectively. Note that the calculated PREs shown in
these graphs constitute strictly a prediction with no tunable
parameters of any kind. Clearly, both sets of calculated PREs,
based on TIP4P-D and OPC trajectories, capture the
qualitative behavior as observed in the experiment, with
much higher paramagnetic rates predicted for H3 79R1 and
65R1 samples than for 125R1 and 36R1 samples. While the
MD simulations fail to predict the PREs with quantitative
accuracy, it is encouraging that TIP4P-D results and OPC
results tend to “bracket” the experimentally determined PRE
values. For example, the TIP4P-D simulation correctly
recovers our experimental 36R1 result, while the OPC
simulation produces an overestimated value. Further, the
TIP4P-D simulation somewhat underestimates the 65RI
result, while the OPC simulation significantly overestimates
it. Finally, the TIP4P-D simulation substantially under-
estimates the average PRE rate in the 79R1 sample, whereas
the OPC simulation provides a good match. Based on these
observations, we conclude that the two MD simulations taken
together offer a broadly correct model for the PRE effects in
spin-labeled nucleosomes.

It is worthwhile to consider the possible reasons for the
observed lack of quantitative agreement between experimental
and predicted PREs in Figure 2. Almost certainly this has to do
with the lack of convergence for the MD-based PRE
calculations in the system, which involves a 2S-residue-long
disordered H4 tail probing a large swath of the nucleosome
surface. Indeed, the calculated PREs show an exceedingly steep
dependence on the interspin distance (see Supporting
Information eq S3). As a consequence, even a brief close
encounter of the H4 tail with the paramagnetic label can have a
dramatic effect on the calculated PREs. In other words, MD-
based calculations of residue-specific PREs are extremely
demanding in terms of convergence.” This idea is further
illustrated in Figure S4, where the comparison is drawn to four
different subsets of the OPC trajectories.

Acknowledging this limitation, we nevertheless note that the
results in Figures 2A and 2B provide a broad semiquantitative
validation for the MD models at hand. Of special interest to us,
these models encode the information about the localization of
the histone H4 tails in nucleosomes. This is visualized in
Figures 2C and 2D in a form of spatial density distribution for
H4 tail residues 1—15 (volumes shaded with different shades
of green). Inspection of these plots confirms that these H4
residues are significantly delocalized, as expected for the
dynamically disordered tail. At the same time, the H4 tail
clearly gravitates toward the nucleosomal DNA, in agreement
with the notion previously discussed by us and others that
histone tails engage in fuzzy interactions with nDNA.'>"?

The results in Figures 2C and 2D show that H3 labels 65R1
and 79R1 are indeed centrally located with respect to the H4
tail “cloud”. On the other hand, 36R1 and 125R1 are located
peripherally at a distance from the H4 tail as seen in the side
and front views of the NCP, respectively (cf. Figures 2C and
2D). Of interest, different subsets of the OPC trajectories show
some variability in terms of the H4 tail density distribution
(Figure S4). Some of these models show the density
distribution that is somewhat more extended toward the
125R1 label and, accordingly, predict higher PRE rates in this
sample (more in line with the experimental PRE data),
suggesting that the details of the density distribution can be
further elucidated based on longer trajectories and additional
experimental data.

While the MD-based interpretation of PRE data is currently
faced with certain technical challenges, including subpar
convergence in calculation of residue-specific PREs, it
constitutes a general and powerful strategy the accuracy of
which is only expected to improve in the coming years with
continuing increases in simulation length and advances in force
field development. In contrast, the more traditional static
ensemble-based approaches are faced with several inherent
limitations in dealing with PRE data as discussed below.*’

First, it is noteworthy that ensemble-based approaches have
no knowledge of the residue-specific correlation times, 7,
which are necessary to calculate PRE rates but are challenging
to determine experimentally. For histone H4 tails in the
nucleosome, MD simulations indicate that these 7 values vary
from one residue to another and can be significantly shorter
than the tumbling time of the entire nucleosome particle, 7,.;
furthermore, 7, values cannot be reliably reconstructed from
N relaxation data (see Figure S3). Therefore, when
constructing a conformational ensemble, one either needs to
make assumptions about 7, or otherwise use it as a tuning
parameter.

Second, an earlier study by Ganguly and Chen® concluded
that PRE-restrained ensemble models of disordered proteins
tend to be ill-defined. Specifically, due to the ™ weighting
associated with PREs, only one or a few ensemble members are
typically needed to satisfy the experimental PREs, and the rest
of the ensemble could be essentially unrestrained. As such, the
resulting ensemble may not necessarily be a realistic
representation of the underlying disordered state.

These observations also apply to the system in our study, as
illustrated in Figures SS and S6. In Figure SS, we present a
minimal ensemble consisting of just two H4 tail conformers,
which clearly does not represent the conformational diversity
of the H4 tail domain in the nucleosome core particle yet
successfully reproduces the experimental PRE data. Addition-
ally, in Figure S6 we show a larger ensemble of 42 H4 tail
conformers, where the PRE rates are largely determined by two
lightly populated conformers, while the remaining 40 con-
formers are effectively unrestrained and largely arbitrary.

Finally, we note that validation of the two MD models of the
NCP discussed in this paper does not need to be limited to the
PRE data. For instance, both TIP4P-D and OPC simulations
were successful in reproducing secondary chemical shifts for
H4 tail residues 1—15, correctly predicting the random-coil
character of this glycine-rich fragment. The TIP4P-D
simulation was also successful in predicting "N relaxation
rates for H4 tail residues.'” In contrast, the OPC simulations
seem to overemphasize the attraction between the histone tails
and nDNA and thus produce biased predictions for N
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relaxation rates. Several factors may contribute to this situation,
which will be the subject of a separate study. At the same time,
the TIP4P-D simulation shows some early signs of nDNA
unwrapping which affects the two ends of the DNA superhelix.
This behavior likely reflects the known stability issues with this
water model.”” In contrast, the OPC simulations appear to be
stable in this regard, although some of the OPC trajectories
show evidence of dynamic nDNA fluctuations (Figure S7).

B CONCLUDING REMARKS

Characterization of conformational ensembles for the dynamic
histone tail domains in the context of nucleosomes and
nucleosome arrays is important for developing an atomic level
understanding of their interactions and ultimately function. Of
particular importance are changes in tail conformation and
interactions that arise in response to different PTMs and
involvement of chromatin-associated proteins. These problems
can be uniquely addressed by probing a range of NMR
observables in both solution and solid state, as appropriate. In
this study, we have demonstrated that measurements of
residue-specific PREs in nucleosome samples employing
multiple paramagnetic tags, which provide unique long-range
structural information, should be one of the central elements of
such multiexperiment NMR data sets. We have also shown that
the interpretation of these PRE data based on long MD
simulations of nucleosome particles yields valuable insights
about the conformational and interaction landscapes of histone
tails in these systems. In the future, we envision that this
strategy can be extended to nucleosome complexes with CAPs
and even larger nucleosome assemblies. Finally, it is note-
worthy that PREs and other types of experimental NMR data
can be used to validate MD models and, by extension, inform
efforts in the area of force field development. Collectively,
these efforts are expected to contribute to an improved
understanding of the functional mechanisms in chromatin and
other large biomolecular complexes containing functionally
important flexible domains.
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