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ABSTRACT

Hexasomes and tetrasomes are intermediates in
nucleosome assembly and disassembly. Their for-
mation is promoted by histone chaperones, ATP-
dependent remodelers, and RNA polymerase II. In
addition, hexasomes are maintained in transcribed
genes and could be an important regulatory factor.
While nucleosome composition has been shown to
affect the structure and accessibility of DNA, its in-
fluence on histone tails is largely unknown. Here, we
investigate the conformational dynamics of the H3
tail in the hexasome and tetrasome. Using a com-
bination of NMR spectroscopy, MD simulations, and
trypsin proteolysis, we find that the conformational
ensemble of the H3 tail is regulated by nucleosome
composition. As has been found for the nucleosome,
the H3 tails bind robustly to DNA within the hexas-
ome and tetrasome, but upon loss of the H2A/H2B
dimer, we determined that the adjacent H3 tail has
an altered conformational ensemble, increase in dy-
namics, and increase in accessibility. Similar to ob-
servations of DNA dynamics, this is seen to be asym-
metric in the hexasome. Our results indicate that nu-
cleosome composition has the potential to regulate
chromatin signaling and ultimately help shape the
chromatin landscape.

INTRODUCTION

The eukaryotic genome is packaged into the cell nucleus in
the form of chromatin. The basic subunit of chromatin is

the nucleosome, a complex of histone proteins and DNA.
The canonical nucleosome core particle consists of ∼147
base-pairs (bp) of DNA wrapped around an octamer con-
taining one H3/H4 tetramer and two H2A/H2B dimers. In
addition to this canonical species, sub-nucleosomal species,
which contain fewer than eight histones, have been identi-
fied. These include the hexasome and tetrasome, which are
lacking one or both H2A/H2B dimers, respectively (Sup-
plementary Figure S1A).

For some time, these species have been studied in vitro
and have been suggested to play a role in cellular pro-
cesses such as transcription (reviewed in (1)). Hexasomes
and tetrasomes are intermediates in chaperone-mediated
and salt-dependent nucleosome assembly/disassembly (2–
9). In addition, hexasomes form during transcription and
ATP-dependent remodeling of nucleosomes (10–13). Fur-
thermore, the presence of hexasomes versus nucleosomes
differentially affects the activity of RNA polymerase II
(14) and the CHD1 chromatin remodeler (15,16), support-
ing a regulatory role for sub-nucleosomes. Recently, these
species have been observed in vivo (17,18). It has been sug-
gested that hexasomes exist as stable species near transcrip-
tion start sites and may be an important regulatory factor
(17,18).

A number of structural and biophysical studies have al-
lowed for characterization of these species (6,19–26). These
studies have revealed that the histone core composition in-
fluences the DNA conformation and accessibility. Loss of
an H2A/H2B dimer leads to unwrapping of ∼30–40 bp
of DNA, which alters accessibility to digestion by en-
donuclease and transcription factor binding (15,19,22,27).
Notably, while the nucleosome and tetrasome are struc-
turally pseudo-symmetric particles, the hexasome is struc-
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turally asymmetric both in the histone core and the as-
sociated DNA wrapping (1,6,15,20,22,23,27). Intriguingly,
DNA unwrapping and dimer loss have been observed to be
asymmetric both in vitro and in vivo (18,27). In vitro stud-
ies reveal a dependence on DNA sequence, and in vivo this
is correlated with transcriptional activity (27). It has been
proposed that this asymmetry may be important in reinforc-
ing directional activity of RNA polymerase and chromatin
remodelers (14,15,17,18).

A number of studies have indicated that the H3 tails
can associate with DNA in the context of the nucleosome
(25,28–36). This occlusion of the tails has further been ob-
served to restrict access to histone tail binding domains
(30,35–37). Using nuclear magnetic resonance (NMR) spec-
troscopy and molecular dynamics (MD) simulations, we re-
cently proposed a structural model of the H3 tails in which
they adopt a ‘fuzzy’ complex with DNA (38–42), interact-
ing robustly but adopting a heterogenous and dynamic en-
semble of DNA-bound states (35). This model suggests that
chromatin signaling events could be regulated by modulat-
ing the DNA-bound conformational ensemble of the H3
tails. In the canonical nucleosome, the H3 tails protrude
from between the two gyres of DNA near the entry/exit
sites. Our previous MD simulations as well as cross-linking
data indicate that the tails form interactions with both gyres
(35,43). Thus, the loss of one or both H2A/H2B dimers and
subsequent DNA unwrapping is predicted to significantly
alter the conformational ensemble and possibly accessibil-
ity of the H3 tails.

Here, using a combination of NMR spectroscopy, MD
simulations, and proteolysis assays we show that the H3 tails
adopt distinct conformational ensembles in nucleosome,
hexasome, and tetrasome. Our results indicate that loss of
H2A/H2B dimer(s) leads to an increase in the conforma-
tional dynamics of the H3 tail and accessibility to binding.
Similar to the DNA dynamics, in the hexasome these ef-
fects are seen to be asymmetric. Together, these data suggest
that conversion between nucleosome, hexasome, and tetra-
some may modulate chromatin signaling at the histone tails
and that this could function synergistically with concomi-
tant changes in DNA accessibility.

MATERIALS AND METHODS

Histone and DNA purification

Histones and 147 bp Widom 601 DNA were
expressed/amplified and purified as described in (35,44).

Mass spectrometry on histone samples

Electrospray ionization mass spectrometry was used to ana-
lyze the histones to confirm that there was no carbamylation
as described in (35).

Generation of nucleosomes and subnucleosomes

Nucleosomes were largely reconstituted as described in
(44). Nucleosome reconstitutions were prepared with two
variations––either (i) by refolding octamer with equimo-
lar ratios of the histones H2A, H2B, H3 and H4 or (ii) by
refolding tetramer (with equimolar ratios of H3 and H4)

and dimer (with equimolar ratios of H2A and H2B) sep-
arately. Then, either (i) the octamer was mixed with 601
DNA at a 1:1 molar ratio or (ii) the tetramer, dimer, and
601 DNA were mixed together at a 1:2.2:1 molar ratio.
Both mixtures were then desalted using a linear gradient
from 2 M to 150 mM KCl over 36–48 h, followed by dial-
ysis against 0.5× TE. In our hands, refolding octamer to-
gether (via method (i)) results in a mixture of hexasome
and nucleosome after the salt dialysis reconstitution while
refolding tetramer and dimer separately (via method (ii))
results in finer control of the final sample. Samples were
then purified with a 10–40% sucrose gradient, which sep-
arates residual free 601 DNA and hexasome formed from
method (i).

Hexasome samples were made either by isolating hex-
asome from nucleosome reconstitutions carried out via
method (i) or by following method (ii), except mix-
ing tetramer, dimer, and 601 DNA at a molar ratio of
1:1.1:1. Similarly, tetrasome samples were made by follow-
ing method (ii), except mixing tetramer and 601 DNA at a
molar ratio of 1:1 in the absence of dimer. All reconstitu-
tions were purified via sucrose gradient (BioComp Gradi-
ent Station, New Brunswick, Canada) (Supplementary Fig-
ure S1). Although the DNA footprint of nucleosome, hex-
asome, and tetrasome are different, all three were prepared
using the 147bp Widom 601 sequence in order to hold the
total DNA content of the three species constant. It is also
important to note that Levendosky et al. showed that hex-
asomes reconstituted using the Widom 601 sequence form
a homogeneous population of oriented hexasomes, with the
single H2A/H2B dimer preferentially assembling at the TA-
rich side of the DNA (15).

Native- and SDS-PAGE were used to assess the forma-
tion of nucleosome, hexasome, and tetrasome along with
their histone compositions. Bands were visualized with
ethidium bromide or Coomassie for native and denaturing
gels, respectively. Gels were imaged using an ImageQuant
LAS 4000 imager (GE Healthcare). With native-PAGE, the
nucleosome runs as the most compact particle, followed
closely by hexasome and then tetrasome (Supplementary
Figure S1). This supports the model wherein first one and
then both arms of DNA open up upon the loss of one or two
dimers, respectively, and these changes would lead to more
extended structures. Additionally, the nucleosome runs as
the densest species on a sucrose gradient, again followed
closely by hexasome and then tetrasome (Supplementary
Figure S1), which is again consistent with the structural
models (1,22). Notably, the tetrasome runs as a collection
of bands on native-PAGE, with one major species. The ba-
sis of this is unknown, but could be due to differential po-
sitioning of the tetramer along the DNA and/or due to the
presence of multiple tetramers on a single 147 bp. Tetrasome
was observed to be unstable in the presence of KCl, leading
to the appearance of free 601 DNA via native-PAGE. Thus,
tetrasome samples were only studied in buffers without salt
added. SDS-PAGE confirmed the composition of the four
histones within the final samples used for experiments (Sup-
plementary Figure S1). The band density was used as a mea-
sure of intensity and was quantified using the ImageJ pro-
gram (NIH). As in (15), H2A and H2B were integrated to-
gether due to their lack of resolution. The intensities of gel
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bands were normalized to H3 to provide a relative intensity,
and the average and standard deviation are taken from four
gel replicates. Similar to that seen by Levendosky et al. (15),
when the intensities of the gel bands are normalized to that
of H3, the nucleosome contains nearly twice as much H2A
and H2B as hexasome (Supplementary Figure S1).

Nucleosome concentrations were determined via UV–vis
spectroscopy using the absorbance from the 601 DNA (cal-
culated ε260 = 2 312 300.9 M−1 cm−1). Samples were diluted
into 2 M KCl prior to concentration measurements in order
to promote nucleosome disassembly for more accurate con-
centration determination.

NMR spectroscopy data collection and analysis

To obtain backbone assignments for H3 within the con-
text of subnucleosomes, HNCACB and CBCAcoNH spec-
tra were collected on a 360 �M 13C/15N-H3 hexasome sam-
ple (i.e. 720 �M of H3) and a 130 �M 13C/15N-H3 tetra-
some sample (i.e. 260 �M of H3) at 45◦C and 37◦C, respec-
tively, using a Bruker Avance NEO 600MHz spectrometer.
The HNCACB was collected with 32 scans and 88 and 68
total points in the 13C- and 15N-dimensions, respectively.
The CBCAcoNH was collected with 24 (hexasome) or 32
(tetrasome) scans and 88 and 90 total points in the 13C-
and 15N-dimensions, respectively. Assignments at 45◦C on
13C/15N-H3 nucleosome were used from (35). Temperature
titration was used to transfer assignments to 25◦C and 37◦C.
Data were processed in NMRPipe (45) and assigned us-
ing CcpNMR Analysis (46). Assignments are summarized
in Supplementary Figure S5 and Supplementary Table S1.
Due to the repetitive and unstructured nature of the H3 tail,
there is chemical shift degeneracy in some of the resonances.
Associated assignment uncertainty is noted in Supplemen-
tary Figure S5 and Supplementary Table S1. Similar to (35),
1H/15N-HSQC spectra collected on H3KC4me3-hexasome
were used to help confirm assignments of residues 3–9. No-
tably, the majority of peaks had degeneracy in C� and C�

chemical shifts and thus could not be definitively assigned
to one of the two copies of H3 within the hexasome. As
noted in the results, these were categorized into subsets re-
ferred to as hex-N and hex-T according to amide chemical
shift overlap with the nucleosome and tetrasome species, re-
spectively. This is also noted in Supplementary Figure S5
and Supplementary Table S1.

1H–15N HSQC spectra were collected on 15N-H3 nucleo-
some, hexasome, and tetrasome samples. Samples were ex-
changed into 20 mM MOPS pH 7, 1 mM DTT, and 1 mM
EDTA (with 7 mM NaOH to pH and with some samples
also containing 150 mM KCl where noted), and 7% D2O
was added prior to data collection. The majority of data
were collected on a Bruker Avance II 800 MHz spectrom-
eter with cryogenic probe. The spectra of 601 DNA-bound
H3(1–44) were collected on a Bruker Avance Neo 800 MHz
spectrometer with cryogenic probe. To account for differ-
ences between instruments, referencing of an apo-spectrum
of 15N-H3(1–44) was shifted until spectra overlaid between
instruments, and referencing of the 601 DNA-bound spec-
trum was shifted by the same amount. All NMR data were
processed in NMRPipe (45) and analyzed using CcpNMR
Analysis (46). The chemical shift difference (�δ) between

samples was calculated by:

�δ =
√

(�δH)2 + (0.154�δN)2

where �δH and �δN are the differences in the 1H and 15N
chemical shift, respectively, between samples. Data plots
were made in Igor Pro (Wavemetrics).

15N relaxation experiments

{1H}–15N steady-state heteronuclear nuclear Overhauser
effect (hetNOE) and longitudinal (R1) and transverse
(R2) 15N relaxation rates were measured on 15N-H3 nu-
cleosome (107 �M) and tetrasome (115 �M) samples
in 20 mM MOPS pH7 (with 7 mM NaOH to pH),
1 mM EDTA, 1 mM DTT, 7% D2O. Data were col-
lected using standard interleaved Bruker experiments (hsqc-
noef3gpsi, hsqct1etf3gpsi3d and hsqct2etf3gpsi3d) at 37◦C
on a Bruker Avance Neo 800MHz spectrometer with cryo-
genic probe. HetNOE experiments were collected with an
interscan delay of 5 s and 2048 (1H) × 512 (15N) total
points, with acquisition times of 61.4 ms (1H) and 95.7 ms
(15N) and spectral widths of 20.8 ppm (1H) and 33.0ppm
(15N). 15N R1 experiments were collected with total relax-
ation loop lengths of 10 (×2), 100 (×2), 200 (×2), 500 (×2),
1000 (×2) and 2000 (×2) ms and an interscan delay of 1
s. 15N R2 experiments were collected with total relaxation
CPMG loop lengths of 16.96 (×2), 50.88 (×2), 67.84 (×2),
101.76 (×2), 152.64 (×2), 203.52 (×2) ms and an interscan
delay of 1 s. 15N R1 and R2 experiments were collected with
2048 (1H) × 400 (15N) total points, with acquisition times
of 61.4 ms (1H) and 74.8 ms (15N) and spectral widths of
20.8 ppm (1H) and 33.0 ppm (15N).

Spectra were processed with NMRPipe (45) by doubling
the size by zero-filling twice (rounding to the nearest power
of 2) and using a cosine squared bell window function in
both 1H and 15N dimensions. HetNOE values were calcu-
lated from peaks heights, and errors were calculated using
standard error propagation within CcpNMR Analysis. Re-
laxation times were determined from fitting peak heights to
a single-exponential decay (without offset) with errors de-
termined via the covariance method using CcpNMR Anal-
ysis (46). The T1/T2 ratio was calculated from these fit val-
ues, and error was propagated from individual T1 and T2
fits using standard error propagation. Relaxation rates were
calculated as the inverse of relaxation times, and error was
propagated from T1 and T2 using standard error propaga-
tion. Residues with peak overlap are denoted in Figure 3.
These residues were analyzed in the same manner as the rest,
but relaxation rates are likely influenced from convolution
with neighboring peak. Residues are included in the overall
analysis with that caveat. The two peaks of K36 in 15N-H3
nucleosome were analyzed separately and are plotted at po-
sitions 36 and 36.5 in Figure 3.

Trypsin proteolysis assays

Trypsin proteolysis was used as a probe for site exposure
on histone tails within nucleosomes and subnucleosomes.
Digests were carried out on samples of reconstituted nucle-
osome, hexasome, and tetrasome at a fixed concentration
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of 3 �M in 20 mM MOPS pH 7, 1 mM EDTA and 1 mM
DTT.

Assays conducted at multiple ratios of trypsin were car-
ried out at room temperature in 10 �l reactions with 30, 6
and 1.2 nM trypsin (Pierce product 90057, MS grade). Gel
samples were taken prior to addition of trypsin (taken as t
= 0) and 20 min after mixing with trypsin, when they were
immediately mixed with 5× SDS loading dye and heated to
95◦C for 10 min. Gel samples contained 13 pmol of the par-
ticular nucleosome species and were run on 18% tris-glycine
SDS-PAGE gels followed by Coomassie staining. To check
stability of the species over the course of the assay, 1.3 pmol
of the particular nucleosome species from before and after
the assay were run on 5% native-PAGE gels and visualized
with ethidium bromide.

Experiments with full time courses were conducted
at 6 nM trypsin (1:1/500 molar ratio of nucleosomal
species:trypsin) in 80 �l reactions. Samples were incubated
in a thermomixer (Eppendorf) at 25◦C while shaking at 350
rpm. Gel samples were taken prior to addition of trypsin
(taken as t = 0) and at t = 2, 5, 10, 15, 20, 30 and 50 min
after mixing with trypsin. Samples were quenched by im-
mediately mixing with 5× SDS loading dye and heating to
95◦C for 10 min. Gel samples contained 15 pmol of nucle-
osome or subnucleosome and were run on 18% tris-glycine
SDS-PAGE gels and visualized with Coomassie stain. To
check stability of the species over the course of the assay,
1.5 pmol of nucleosome or subnucleosome from before and
after the assay were run on 5% native-PAGE gels as before.

All experiments were run in triplicate. The native-PAGE
confirmed that the nucleosomes, hexasomes and tetrasomes
remained largely intact over the course of the experiments.

Analysis of trypsin proteolysis assays

Gel imaging. Gels were imaged using an ImageQuant LAS
4000 imager (GE Healthcare). The band density of full-
length H3 was used as a measure of intensity and was quan-
tified using the ImageJ program (NIH). The fraction of full-
length H3 remaining at a given time was taken as the ratio
of the band densities of full-length H3 at that time point and
prior to the addition of trypsin.

Digests at multiple concentrations of trypsin. The amounts
of full-length H3 remaining after 20 min digestion at the
three concentrations of trypsin were compared. To deter-
mine whether the extent of digestion was significantly dif-
ferent between the nucleosome and subnucleosomes at each
concentration of trypsin, a two-way ANOVA followed by a
tukey post-hoc analysis was run using R on the data sets
that were collected in triplicate. A cutoff of P < 0.05 was
used for significance.

Proteolysis kinetics. We treated the experimental data for
site exposure on the H3 tails probed via trypsin proteoly-
sis in the same manner as site exposure on DNA probed
via restriction enzymes (47,48) and in a similar manner as
site exposure on histone tails probed via chemical modifi-
cation (30,37). These other experiments were designed for
digestion and modification at single sites within the nucle-
osome. Although trypsin has many target sites within the

histones, only the general proteolysis of the H3 tail is mon-
itored by following the amount of full-length H3 remain-
ing in the sample at a given time. The subsequent analysis
makes several assumptions. First, we make the assumption
that the system is in the limit of rapid conformational pre-
equilibrium. In this limit, there is a first-order dependence
of the observed rate constant (kobs) on enzyme concentra-
tion. Site exposure on nucleosomal DNA and H2B tails
were shown to be in limit of rapid pre-equilibrium within
the experimental contexts of (48) and (37), and the assump-
tion of rapid pre-equilibrium was made for the H3 tail in
(30). Thus, it is likely that site exposure on nucleosomal and
subnucleosomal H3 tails is also in the limit of rapid pre-
equilibrium in the proteolysis experiments described here.
Although full kinetic data sets were only collected at a sin-
gle concentration of trypsin, the single timepoint data col-
lected at three trypsin concentrations suggests a linear rela-
tionship between kobs (where the natural log of the fraction
of full length H3 remaining is taken as a very rough proxy
for kobs) and enzyme concentration (Supplementary Figure
S11). An additional assumption is that the concentration
of exposed histone tails is much less than the Km of trypsin
such that the free concentration of enzyme is equivalent to
the total concentration of trypsin in the sample. Additional
assumptions are that the concentrations of exposed H3 tail
and H3 tail-trypsin complex are at steady state. Lastly, the
assumption was made that the proteolysis events report pre-
dominantly on site exposure within the native conforma-
tion of the H3 tail within nucleosome or subnucleosome
rather than site exposure that has been altered by a preced-
ing cleavage event.

The average and standard deviation of the fraction of full-
length H3 remaining at each time point was calculated from
the triplicate data sets. The kobs were determined from a
weighted single exponential fit of the data average. The fit
was additionally constrained to decay to zero and to have
y-intercept ≤1. The y-intercept was allowed to be less than
one to account for the possibility that the initial mixing of
the sample led to dissociation of a subpopulation of parti-
cles. Under these constraints, the tetrasome experiment fit
with a y-intercept of 1.0 ± 0.2 and the nucleosome experi-
ment fit with a y-intercept of 0.87 ± 0.04. In studies of DNA
site exposure, up to 10% of nucleosomes were observed to
dissociate due to rapid mixing (49).

The ratio of site exposure equilibrium constants for tetra-
some and nucleosome was taken as the ratio of the kobs fit
from the data sets for tetrasome and nucleosome. This only
holds if the assumptions detailed above are valid. The er-
ror in the ratio of site exposure equilibrium constants was
propagated from the error in the fits for the kobs from the
two data sets.

Preparation/generation of canonical and subnucleosomal
particles for molecular dynamics simulations

Nucleosome models were constructed by taking a Widom
601 DNA molecule from PDB 3MVD and aligning the
DNA onto the histone core coordinates from the 1KX5
PDB (50,51). Extended states of the H3 tails were built us-
ing MODELLER (52). Hexasome models were generated



4754 Nucleic Acids Research, 2021, Vol. 49, No. 8

by removal of the H2A/H2B dimer from the nucleosome
TA-poor side, followed by implicit solvent molecular dy-
namics (MD) runs to create more open DNA structures
(22). These initially involved imposing position restraints
on the first 107 bp of DNA while allowing the remaining
40 bp of DNA to relax for two ns in an implicit solvent
environment with Watson–Crick base pair restraints. This
DNA geometry was then aligned with the histone hexamer
to generate a crude hexasome intermediate, which was then
simulated for 20 ns in an implicit environment to obtain a re-
laxed state with an extended DNA arm. Similarly, the tetra-
some was generated by keeping only the H3/H4 tetramer
and allowing 40 bp of DNA from both sides of the nucle-
osome to relax during simulations. The starting tetrasome
conformation had only ∼66 bp of DNA wrapped around
the H3/H4 tetramer, in accordance with the experimentally
probed tetrasomal geometry (22). The initial conformations
of the canonical and subnucleosomal particles are given in
Supplementary Figure S8.

Simulation methods

All simulations were conducted in the CUDA-enable
PMEMD engine of the AMBER software suite (v18)
(53,54). The Amber 14SB and BSC1 forcefields parameters
were used for the protein and DNA respectively (55,56). Im-
plicit simulations were performed using mbondi3 and igb
= 8 (57). For explicit solvent simulations, all systems were
neutralized and solvated with TIP3P waters and a 0.15 M
KCl environment (58,59). A 4-fs time-step was used in con-
junction with SHAKE and hydrogen mass repartitioning
for all simulations (60,61). The use of hydrogen mass repar-
titioning has been shown to provide good agreement with
conventional simulations, while allowing for nearly twice
the simulation speed (60). All systems were energy mini-
mized for 5000 steps with a solute harmonic restraint of
10 kcal/mol/Å2, followed by 5000 steps with no restraints.
For equilibration, we first performed 100 ps of constant
volume simulations while the temperature was gradually
heated from 10 to 300 K. Then, the heavy atom restraints
were gradually released over 500 ps of NPT run. In explicit
solvent simulations, pressure was controlled via a monte
carlo barostat with a target pressure of 1 atm and a re-
laxation time of 3.0 ps−1. Production runs were performed
at 300K using a Langevin thermostat (62). We performed
ten, 250 ns simulations per system in the NPT ensemble,
accumulating 7.5 �s of sampling across all the three sys-
tems. Although simulations were initiated from the same
initial configurations, we noted in our previous study that
the use of random initial velocities provide roughly the same
amount of conformational heterogeneity in the H3 tails as
starting simulations from different extended states (35). Tra-
jectories were recorded every 10 ps and visualized using
VMD (63) and PyMol (64). Analysis was performed on
the last 150 ns of the simulations, allowing for 100 ns of
equilibration.

Simulation analyses

Convergence of molecular dynamics simulations trajecto-
ries was monitored via rms average correlation (RAC) anal-

ysis, which is implemented in CPPTRAJ (65,66). This is a
pseudo-autocorrelation function for root mean square de-
viation (RMSD) values and measures the overall average
structure at different time intervals within a single trajec-
tory. The RAC is calculated according to:

RAC(τ ) =
∑N

t=0 RMSD(AvgCrd(t, t + τ ))
N − τ + 1

where (τ ) is a time interval and a straight running coor-
dinate averaging is performed using this time interval over
the entire trajectory by fitting to the averaged structure ob-
tained from the individual trajectory. For example, at (τ =
1), RAC is a standard average RMSD over the entire tra-
jectory. The decay of RAC values for all the independent
simulations conducted in this study is presented in support-
ing information (Supplementary Figure S2). The last 150 ns
belongs to the equilibrated portion of the trajectory. Fur-
ther, solvent accessibility of H3 tails and radius of gyration
were calculated as a function of time to observe the collapse
of H3 tails and stability of the simulations (Supplementary
Figures S3 and S4).

Root mean square fluctuation (RMSF) analysis was per-
formed on the H3 proteins, the first 37 residues defined as
the tails, and residues beyond this defined as the core region.
For RMSF calculations, trajectories were aligned to the H3
and H4 globular domain. Translations and rotations were
removed by least squares fitting the backbone of the H3 and
H4 histone, and RMSFs were computed on the C� atoms.
Reported RMSFs are the average of all 10 simulations. Er-
rors are presented as the standard error of the mean ob-
tained from 10 samples for each tail. Kullback-Leibler Di-
vergence was performed using internal coordinates to com-
pare conformational ensemble across the systems (67). Con-
tact analysis between H3 tails and DNA was performed
using MDanalysis (68) and in-house python scripts, where
contacts were defined as between heavy atoms of H3 tail
residues that were within a distance of 4.5 Å from DNA
heavy atoms. Interaction energies between the H3 tails and
DNA were determined from the sum of tail residue con-
tributions to DNA binding via an MM-GBSA (Molecular
Mechanics Generalized Born Surface Area) analysis with
igb = 5 and a salt concentration of 0.15 M (69). Error bars
represent the standard error of the mean, with a decorrela-
tion time of 10 ns that is based on a statistical inefficiency
test of MM/GBSA values.

Principal component analysis (PCA)

PCA is often used to extract slow and functionally im-
portant motions of biomolecules from the MD trajectories
by dimensionality reduction techniques. First, the covari-
ance matrix of atomic positions of C� atoms of H3 tails
(residues 1–37) was built, and the eigenvectors of this matrix
(also known as principal components) describes the con-
certed motion of the system. In this study, PCA was per-
formed using GROMACS-2016.3 to investigate the similar-
ities and differences in the conformational ensembles of H3
tails across the systems. Here, PCA was performed with re-
spect to the H3 C� tail atoms.
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RESULTS

The H3 tail conformation is sensitive to nucleosome compo-
sition

To compare H3 tail conformational states between the
canonical nucleosome core particle and the sub-nucleosome
species hexasome and tetrasome, we used NMR spec-
troscopy. Nucleosome, hexasome, and tetrasome were re-
constituted using H3/H4 tetramer containing 15N-labeled
H3, and varied amounts of H2A/H2B dimer as required
to obtain a given species (Supplementary Figure S1). All
species were reconstituted with the 147 bp Widom 601 DNA
(see Materials and Methods section for details). Initial com-
parison of the 1H,15N-heteronuclear single quantum coher-
ence (HSQC) spectra of each species (Figure 1 and Sup-
plementary Figure S5) reveals unique spectral attributes for
the H3 tails within each species, indicating that nucleosome
composition alters the conformation of the H3 tails.

One major difference between the spectra is in the number
of unique peaks observed: 32 peaks for 15N-H3 nucleosome,
33 peaks for 15N-H3 tetrasome and 65 peaks for 15N-H3
hexasome (Figure 1 and Supplementary Figure S5). To bet-
ter understand these differences, we carried out backbone
assignments of the resonances. We previously assigned the
15N-H3 nucleosome peaks to H3 tail residues, with only a
single set of peaks observed for the two tails (35). For 15N-
H3 tetrasome, a single set of peaks was also observed for
residues spanning 3–36, and an additional peak was ob-
served corresponding to Lys37 (Supplementary Figure S5).
The single set of peaks for both 15N-H3 nucleosome and
15N-H3 tetrasome indicates that within each of these nucle-
osomal species the two H3 tails experience largely the same
chemical environment (Figure 1A, black and red spectra),
which is consistent with the structural pseudo-symmetry
within each of these species. Notably, a subset of peaks
within 15N-H3 nucleosome (residues Q5, A25, R26, S28 and
K36) are broadened approaching a doublet. This suggests
two distinct but very similar conformational ensembles, es-
pecially near the core. This is only observed for T3 within
15N-H3 tetrasome. In addition, minor peaks are observed in
both the 15N-H3 nucleosome and 15N-H3 tetrasome. How-
ever, these minor peaks could not be definitively assigned
and thus their identity remains unknown.

Assignments for 15N-H3 hexasome show that the 65 ob-
served peaks all correspond to the H3 tails, but in contrast
to the nucleosome and tetrasome, two highly distinct peaks
are observed for most residues in the H3 tail (Figure 1A
and Supplementary Figure S5, blue spectrum). This indi-
cates two distinct states (or ensembles of states) of the tails
within the hexasome. The multiple peaks could be explained
by (i) the two H3 tails experiencing distinct chemical envi-
ronments or ii) interconversion of both of the H3 tails be-
tween two states that is slow on the NMR timescale. Impor-
tantly, Levendosky et al. elegantly showed that hexasomes
reconstituted using the Widom 601 sequence preferentially
assemble with the single H2A/H2B dimer at the TA-rich
side of the DNA (15). In addition, it has been shown that the
601 DNA asymmetrically unwraps from the histone core,
becoming more accessible on the side of the particle lacking
the H2A/H2B dimer (15,27,70). Thus, we hypothesize that
the two sets of peaks arise from each of the H3 tails adopt-

ing a distinct conformational ensemble, dependent on the
presence or absence of the adjacent H2A/H2B dimer.

Additional insight into the conformations of the H3 tails
within the different nucleosomal species can be gained by
comparing chemical shifts of H3 tail resonances between
nucleosome, hexasome, and tetrasome (Figure 1A and Sup-
plementary Figure S5). Overlay of spectra for the nucleo-
some and tetrasome reveals that, even though the number
of peaks is the same, there are substantial differences in the
chemical shift of all residues (Figure 1A, compare black
and red spectra). This reveals that loss of both H2A/H2B
dimers leads to a change in the chemical environment of the
H3 tails. Overlay of the hexasome spectrum reveals some-
thing quite striking: in the spectrum for 15N-H3 hexasome,
half of the peaks overlay well with the nucleosome spectrum
and the other half overlay well with the tetrasome spectrum
(Figure 1A). Furthermore, these two sets of peaks corre-
spond to residues of a full H3 tail (i.e. correspond to residues
H3 1–36 or 37). Together, this leads us to hypothesize that
one H3 tail in the hexasome adopts a conformation simi-
lar to the nucleosome and the other adopts a conformation
similar to the tetrasome. As such, these will be referred to
as the hex-N and hex-T tails, respectively.

To better quantitate these comparisons, chemical shift
differences (CSDs or ��s) between the nucleosome and
tetrasome peaks, the hex-N and nucleosome peaks, and the
hex-T and tetrasome peaks were calculated (Figure 1B and
Supplementary Figure S6). Peaks for the nucleosome versus
tetrasome had an average �� = 0.09. The majority of reso-
nances had ��>0.05, with the largest differences observed
for residues K23-S28, indicating substantial differences in
conformation. In contrast, peaks for the hex-N tail as com-
pared to the nucleosome have �� < 0.03 along the entire
length of the tail, indicating a highly similar conformation.
While compared to the tetrasome, the majority of the hex-T
tail peaks also have �� < 0.03, there are some residues that
exhibit greater differences from the tetrasome tail. In partic-
ular, residues K23-S28 and K37 have �� > 0.03. These dif-
ferences may reflect known differences in overall stability,
positioning and dynamics of the tetrasome (1,6,22,70). In
addition, the chemical shift differences between the hex-N
and tetrasome peaks, and the hex-T and nucleosome peaks
show similar differences to those observed between nucle-
osome and tetrasome (average �� = 0.09 and 0.07, respec-
tively, Supplementary Figure S6). This further supports the
conclusion that one H3 tail adopts a nucleosomal-like state
and the other adopts a tetrasomal-like state.

Altogether, these results strongly suggest that while the
H3 tails adopt distinct conformational ensembles between
nucleosome and tetrasome, the two tails are largely sym-
metric in both. In contrast, hexasome H3 tails are con-
formationally asymmetric, with one H3 tail adopting a
nucleosome-like ensemble (hex-N) and one H3 tail adopt-
ing a tetrasome-like (hex-T) ensemble.

Loss of the H2A/H2B dimer increases the dynamics of the
H3 tail

Analysis of NMR spectra of each species also provides in-
sight into the dynamics of the H3 tails. Notably, clear sig-
nal for K37 is observable in spectra of 15N-H3 tetrasome
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Figure 1. H3 tail conformation is distinct between nucleosomal species. (A) Overlay of 1H/15N-HSQC spectra collected on 15N-H3-labeled versions
of the three nucleosomal species, nucleosome (black), hexasome (blue) and tetrasome (red). Comparison of the spectra indicates that the H3 tail exists in
different conformational ensembles between the nucleosome and tetrasome and suggests that hexasome contains one copy of H3 in a similar conformational
ensemble as nucleosome and one copy of H3 in a similar conformational ensemble as tetrasome. Expanded regions of the overlay are shown for selected
residues for closer comparison of histone tail states. Small circles mark the approximate center of each peak to aid in the spectral comparison. These
spectra were collected on 44 �M 15N-H3 nucleosomal species in 20 mM MOPS pH 7, 1 mM EDTA, 1 mM DTT, 7% D2O at 37◦C and on an 800 MHz
spectrometer. (B) Chemical shift differences (��) between the nucleosome and tetrasome H3 tails (top), the nucleosome and hex-N H3 tails (center), and
the tetrasome and hex-T H3 tails (bottom). This plot is shown as a function of H3 tail residue.
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as compared to nucleosome. The appearance of Lys37 indi-
cates that the tail is more dynamic near the particle core in
the tetrasome relative to the nucleosome. Consistent with
one tail being in a tetrasomal-like state in the hexasome,
only a single peak is observed for Lys37 in the 15N-H3 hexa-
some (Supplementary Figure S5). Comparing amide chem-
ical shifts between the hexasome and a peptide correspond-
ing to the H3 tail (residues 1–44) (Figure 2A) reveals that,
in general, the hex-T H3 peaks lie along a near-linear trajec-
tory between the nucleosome (or hex-N) and peptide peaks,
though not fully reaching the peptide chemical shifts. This
suggests that, upon loss of the H2A/H2B dimer, the con-
formational equilibrium of the H3 tail is shifted towards a
more conformationally unrestricted state. Notably, the hex-
T chemical shifts are highly similar to chemical shifts for
the H3 tail peptide bound in-trans to DNA or in-trans to a
tailless nucleosome (Supplementary Figure S7), suggesting
that though more conformationally unrestricted they are in
a DNA-bound state. Additional insight into the dynamics
of the tails can be garnered from comparison of peak in-
tensity. Peak intensity reports on intrinsic dynamics but is
also influenced by overall tumbling. Thus, we focused on the
two sets of peaks in the hexasome since they have the same
overall tumbling. Analysis of the intensities of the hexas-
ome peaks reveals that the hex-T subset of peaks is on av-
erage 2.4-fold more intense than the hex-N subset of peaks.
This difference is the largest (on average 2.6-fold) for peaks
corresponding to the first 29 residues of the H3 tails (Figure
2B). This suggests that the hypothesized tetrasomal H3 tail
is more conformationally dynamic than the hypothesized
nucleosomal H3 tail.

To further quantify this, we measured 15N T1, 15N
T2 and {1H}–15N heteronuclear nuclear Overhauser effect
(hetNOE) relaxation parameters for the 15N-H3 nucleo-
some and 15N-H3 tetrasome, which report on picosecond-
nanosecond dynamics (Figure 3, Supplementary Figure
S8). The ratio of T1/T2 is proportional to the rotational cor-
relation time experienced by each residue, which includes
contributions from overall tumbling and internal molecu-
lar motions. The pattern across the H3 tails is similar be-
tween nucleosome and tetrasome. As has been previously
reported for the nucleosome (36), the tails are observed to
be more restricted at basic segments and less restricted at
uncharged segments. At these molecular sizes, the hetNOE
values are more sensitive to changes in internal motions
than to changes in overall rotational diffusion (71). For both
the nucleosomal and tetrasomal H3 tails, all hetNOE val-
ues are within the range of 0–0.5. This supports that the
H3 tails are not rigid (which would lead to values near 0.8)
but are also not conformationally unrestricted (which often
leads to values < 0). This is consistent with a model in which
the H3 tails dynamically interact with nucleosomal DNA.
However, hetNOE values are overall lower for the tetraso-
mal H3 tails, supporting that they are less restricted than
the nucleosomal H3 tail, particularly for residues 3–25. No-
tably, both species display a dip in the hetNOE profile for
residues 31–36, corresponding to an increase in mobility in
this region and supporting a flexible ‘hinge’ region for the
H3 tail at residues 31–36. This is in agreement with recent
papers (34,72) and with cross-linking data which indicate

that the H3 tail can either extend toward the dyad or fold
back onto the nucleosomal core (43). The smaller overall
T1/T2 values observed for the tetrasome are likely due to
a combination of faster overall tumbling (expected for the
lower molecular weight particle) and the increase in ps-ns
flexibility also reported on by the hetNOE.

Based on these results, we hypothesize that the tetrasomal
state of the H3 tail is still bound to DNA, but is more con-
formationally dynamic on the DNA than the nucleosomal
state of the tail on the ps-ns timescale. We further hypoth-
esize that this is due to unwrapping and subsequent low-
ering of DNA density near the tail, suggesting that the H3
tails sample a conformational ensemble that is linked to the
conformation of the DNA.

Loss of H2A/H2B dimer increases H3 tail conformational
fluctuations in MD simulations

To further investigate the conformation and dynamics of the
H3 tails in sub-nucleosomes, 10 × 250 ns all-atom molec-
ular dynamics (MD) simulations were carried out on nu-
cleosome, hexasome, and tetrasome (Supplementary Fig-
ures S2–S4). We previously observed that the H3 tails in
the nucleosome quickly adopt a DNA-bound state no mat-
ter their starting conformation. However, multiple DNA-
bound states were observed across several simulations with
little energetic difference between them. Combined with
NMR data, this led us to propose that the H3 tails adopt a
fuzzy complex with DNA in the nucleosome context, inter-
acting robustly but adopting a heterogenous and dynamic
ensemble of DNA-bound states. In agreement with NMR
data, we observe that in all simulations of the hexasome
and tetrasome, the H3 tails bind to the DNA within 100 ns
similar to what was observed with the nucleosome. Anal-
ysis of the end-state of all simulations reveals that in the
nucleosome, hexasome, and tetrasome, the H3 tails adopt
a heterogeneous ensemble of DNA-bound states (Supple-
mentary Figure S9).

To assess the conformational dynamics of these DNA-
bound states, the average root mean square fluctuation
(RMSF) of C� atoms of each tail over the 10 simulations for
each species was calculated. These report on the dynamics
of the tails with respect to the histone core. For all tails, av-
erage RMSF values were substantially greater than RMSF
values for residues in the histone core indicating greater rel-
ative conformational dynamics (Figure 4). In the nucleo-
some, the two H3 tail RMSFs are similar with mean values
of 3.0–6.0 Å, indicating a similar degree of conformational
dynamics of each tail. In contrast, the initial portion of the
H3 core (the �1 helix, residues 44–55) has average fluctu-
ations of 0.7 Å. In the tetrasome, both H3 tails also have
a similar degree of dynamics relative to each other, but are
substantially more dynamic than the nucleosome tails with
calculated RMSFs between 5.5 and 10.0 Å. This indicates
that removal of the H2A/H2B dimer increases the confor-
mational dynamics of the H3 tails relative to the histone
core. Fluctuations in the H3 �1 helix were also increased
to, on average, 1.8 Å. The calculated RMSF values for the
hexasome revealed that, in contrast to the tetrasome and
nucleosome, there is a difference between the dynamics of
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Figure 2. Tetrasomal tail is more dynamic. (A) H3 tail conformation within tetrasome more closely mirrors H3 tail peptide. Overlay of 1H/15N-
HSQC/HMQC spectra collected on 15N-H3 nucleosome (black), 15N-H3 hexasome (blue), and 15N-H3(1–44) (orange). Comparison of the spectra shows
that, in general, the tetrasomal H3 tail experiences a more similar chemical environment to the H3 tail peptide than does the nucleosomal H3 tail, which
suggests a more extended tail ensemble within the tetrasome than the nucleosome. Expanded regions of the overlay are shown for selected residues for
closer comparison of histone tail states. Small circles mark the approximate center of each peak to aid in the spectral comparison. These spectra were
collected on 44�M 15N-H3 nucleosome species or 110 �M 15N-H3(1–44) in 20 mM MOPS pH 7, 150 mM KCl, 1 mM EDTA, 1 mM DTT, 7% D2O at
25◦C and on an 800 MHz spectrometer. (B) Peak intensity (height) is plotted as a function of residue for the hex-N (blue) and hex-T (light blue) H3 tails
within the hexasome for the spectrum shown in Figure 1A (blue). Residues that are not observed in the spectra are marked with an ‘X’. Residues with
significant overlap that prevents accurate determination of peak height are marked by ‘*’.

the two tails. The RMSF values (3.0–4.5 Å) for the hex-N
H3 tail are similar to values for the nucleosomal H3 tail,
with the exception of residues A29-V35 at the end of the
tail. In contrast, the hex-T H3 tail shows a significant in-
crease in flexibility (mean values of 3.5–5.5 Å). Similar to
the tetrasome, the hex-T H3 �1 helix also has a marked in-
crease in flexibility, with RMSF values of 3.0 Å. Altogether
this indicates that removal of the H2A/H2B dimer leads to

an increase in the H3 �1 helix and tail dynamics, and that
in the hexasome this introduces asymmetry.

To further ascertain the nature of these increased dynam-
ics, we analyzed the internal motions of the tail residues
by comparing the individual dihedral motions across all
10 simulations for each species and quantifying with
Kullback–Leibler divergence calculations (67). These calcu-
lations are distinct from the previously discussed RMSFs,
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Figure 3. H3 tail picosecond-nanosecond timescale dynamics are distinct between nucleosome and tetrasome. {1H}–15N hetNOE values and ratio of 15N
relaxation times (T1/T2) are plotted as a function of H3 tail residue for 15N-H3 nucleosome (black) and tetrasome (red). Residues with peak overlap are
marked by ‘*’.

as they compare differences in local motions, whereas the
RMSF is based on cartesian-coordinates and thus com-
putes flexibility of global motions. Results show only a few
statistically-significant differences between the nucleosome,
hexasome, and tetrasome tails (Supplementary Figure S10).
Therefore, while RMSF calculations show that global mo-
tions with respect to the core are increased in the hex-T
and tetrasomal H3 tails, the differences in localized dihe-
dral motion appear to be relatively minor on the timescale
of the simulations. Together, RMSF and KLD analyses sug-
gest that the increased fluctuations observed upon loss of
the H2A/H2B dimer are largely due to increased sampling
of conformational space relative to the histone core that is
linked to increased dynamics of the bound DNA itself ((22)
and Supplementary Figure S11)) and do not include a sig-
nificant contribution from changes in localized dynamics of
the DNA-bound states.

H2A/H2B dimer loss leads to more extended and solvent-
exposed states of the H3 tail

To further understand the impact of dimer loss on the H3
tail conformational ensemble, the average inter-residue dis-
tances along the H3 tails were calculated, which report on
the tail compactness (Supplementary Figure S12). Results
show that in all systems, the H3 tails are devoid of any
secondary structure elements, consistent with our previous
NMR results and simulation studies (35). Compared to the

nucleosome, there are decreased long-range intramolecular
contacts in the tetrasomal tails, indicating that the H3 tails
adopt less-compact conformations (that is, they are more
extended) upon loss of the H2A/H2B dimer (Supplemen-
tary Figure S12). In the hexasome, the two tails are confor-
mationally asymmetric, with the hex-T tails resembling the
tetrasome with fewer long-range intramolecular contacts as
compared to the hex-N tails. Interestingly, the hex-N tails
adopt even more compact conformations than the nucleo-
somal tails. Together, this analysis suggests that H2A/H2B
dimer loss and DNA opening modulate the conformational
ensemble of the adjacent H3 tail towards more extended
states along the DNA. While in the hexasome, the H3 tail of
the wrapped side becomes more compact. To gain insights
into the structures that the bound H3 tails adopt across
the system, a principal component analysis (PCA) was per-
formed on the conformations collected from the last 150 ns
of the trajectories (Supplementary Figure S13). In this anal-
ysis, structures were aligned to the tail residues only, and
therefore it only reports on intra-tail motions rather than
tail motions relative to the histone core. Principal Compo-
nent (PC1) and PC2 describe an extension motion and the
orientation of H3 tails, respectively. We observe an increase
in the negative PC1 values for tetrasomal and hex-T H3
tails, suggesting more extended conformations relative to
the hex-N and nucleosomal tails. We note that the hex-N H3
tail adopted states with larger positive PC1 values, which
corresponds to more compact states than nucleosomal tails
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Figure 4. Residue-wise root mean square fluctuation (RMSF) values obtained from the equilibrated portion of MD trajectories. Plots are for (A) nucle-
osome, (B) hexasome and (C) tetrasome with the average of 10 simulations plotted as a solid line and the standard error of the mean shaded. Data are
plotted for the first 55 residues of H3, where residues 1–37 and 38–55 are defined as tail and the initial region of the core, respectively. RMSF values are
also plotted on a representative end-state structure of each nucleosomal species. The thickness and color (see key) of the cartoon backbone represents the
RMSF value for a given residue, where thicker indicates larger RMSF. H3 is the only histone displayed in the image for ease of visualization.
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and is in agreement with the inter-residue distance plot of
hex-N (Supplementary Figure S12). PC2 corresponds to a
twisting motions of the tail’s backbone along its major axis,
and has similar sampling between species.

To further quantify the conformational states of the H3
tails, contacts between the tails and DNA super helical loca-
tions (SHL) were calculated (Figure 5). For the nucleosome,
the tails are seen to bind on either side of the dyad (SHLs –
2.5 to 2.0) and outer DNA turns (SHL –7.0 to SHL –5.0 and
SHL 6.0 to SHL 7.0). Notably, this positioning is in agree-
ment with a cross-linking study that found contacts between
the H3 tail (probe placed at H3T6C or H3A15C) and SHLs
±1.5 and ±2.0 in nucleosomes formed with 207 bp–601
DNA (43). (Interestingly, this folding back of the tail to in-
teract with a range of locations on the core DNA was ob-
served even though linker DNA was present.) In compar-
ison, the tetrasomal H3 tails extend away from the dyad,
binding at SHLs –3.5 to 3.0, without making any contacts
with SHL 0.0. This could be due to the DNA unwrapping,
facilitating additional SHL contacts more distant from the
dyad, and is consistent with a more extended conformation
(Supplementary Figure S12). For the hexasome, the hex-N
tail is similar to a nucleosomal conformation, forming con-
tacts with inner and outer DNA turn around SHL –7.0 to
–5.5, and SHL 0 to 2.0. In contrast, the hex-T tail adopts
unique contacts with SHL –2.0 to 0.5, occupying the re-
gion on and near the dyad and even extending across the
dyad to make some cross-gyre interactions (SHL –7.0) with
the wrapped DNA. This is again consistent with a more
extended conformation (Supplementary Figure S12). No-
tably, the loss of any contacts with SHL –7.0 to –5.5 is con-
sistent with the previous observation that in hexasomes the
unwrapped DNA is as accessible as naked DNA to tran-
scription factor binding, indicating no competition with hi-
stone tails for binding to this DNA (27). Of all species, the
nucleosome tails have the highest number of contacts per
base-pair, which are comparable to the number of contacts
in the hex-N tail (Table 1). In contrast, the hex-T tail forms
the fewest number of contacts with the DNA (while still
overall in a DNA-bound state).

To analyze the interaction energetics of these H3
tail/DNA conformations, an MM/GBSA analysis was per-
formed for residues 1–37 of the H3 tail. Nucleosomal H3
tails bound to DNA with similar energies of –131.0 ± 1.7
kcal/mol and –132.1 ± 1.6 kcal/mol, respectively (Table
1). In comparison the tetrasomal H3 tails bound to DNA
weaker with energies of –119.0 ± 2.4 kcal/mol and –116 ±
1.3 kcal/mol, which are not statistically significantly differ-
ent (P > 0.2) from each other. In the hexasome, the hex-
T tail bound with a statistically significantly (P < 0.0001)
lower energy than the hex-N tail at –110.5 ± 1.5 kcal/mol
and –123.3 ± 2.0 kcal/mol, respectively. These weaker H3
tail binding affinities upon H2A/H2B dimer loss are accom-
panied by greater solvent exposure of these residues. This
was determined from the calculated solvent accessible sur-
face area (SASA), which is ∼250 Å2 greater in the tetraso-
mal and hex-T tails as compared to the nucleosomal and
hex-N tails. We note that care must be taken when inter-
preting MM/GBSA results, as it involves several approxi-
mations. These include a mean-field solvent and the lack of
configurational entropy calculations, which is likely signifi-

cantly different between the tails as demonstrated by RMSF
calculations. Therefore, these energies should be interpreted
only qualitatively.

Altogether, the MD simulations are consistent with the
NMR data, where upon loss of the H2A/H2B dimer and
unwrapping of the DNA, the H3 tail remains in a DNA
bound state. However, the tails experience increased con-
formational dynamics with respect to the core. In the hex-
asome, this leads to asymmetric conformational ensembles
and dynamics of the two H3 tails.

The H3 tail has differential accessibility between nucleosomal
species

To test whether the increase in dynamics and change in con-
formational ensemble of the H3 tail upon H2A/H2B dimer
loss leads to increased accessibility, we performed trypsin
proteolysis in the context of the nucleosome, hexasome and
tetrasome. Trypsin proteolysis is a natural mode of tail clip-
ping (73) and serves as a useful method to probe the general
accessibility of the histone tails in a relatively non-sequence-
specific manner because trypsin preferentially cleaves on the
C-terminal side of lysine and arginine residues, which are
spread out along the length of the tail (74,75).

Each nucleosomal species was incubated for 20 min-
utes with three different amounts of trypsin (1:1/100,
1:1/500 and 1:1/2500 molar ratio of nucleosomal
species:trypsin). The amount of proteolysis was ascer-
tained via SDS-PAGE (Figure 6A and Supplementary
Figure S14A) by monitoring the amount of full-length H3
remaining. Note that since trypsin proteolysis can occur at
multiple sites on the tails and we quantify the fraction of
full length H3 remaining, this is a measure of the overall
accessibility. In addition, the signal represents a sum of
both H3s within each sample, since the two tails cannot
be distinguished. Plotting the amount of full-length H3
remaining for each ratio of trypsin tested (Figure 6A) shows
that each species undergoes different levels of proteolysis.
The general trend indicates substantially greater proteolysis
of the tetrasomal H3 tails as compared to the nucleosomal
H3 tails. Notably, the level of proteolysis of the hexasomal
H3 tails lies in between the nucleosome and tetrasome.

To further quantify the H3 tail accessibility to trypsin
digest, we acquired kinetic time courses at a ratio of nu-
cleosomal species:trypsin of 1:1/500 (Figure 6B and Sup-
plementary Figure S14B). Experiments were conducted in
triplicate, and the data were analyzed using a weighted fit
of the fraction of remaining full-length H3 to a single ex-
ponential, similar to in (37,47) (see Materials and Methods
for additional details). Importantly, native PAGE confirms
that the nucleosomal species remained largely intact dur-
ing the experiments (Supplementary Figure S14B). How-
ever, data was fit allowing for an initial offset on the y-axis
to account for any small population of nucleosomes that
may have fallen apart during the rapid mixing at the be-
ginning of the digestion as is done in restriction enzyme
digestions experiments (47). The single-exponential fits im-
ply cleavage rates of kobs = 0.012 ± 0.002 min−1 for nucle-
osome and kobs = 0.19 ± 0.02 min−1 for tetrasome (Fig-
ure 6B, solid light-grey and black lines, respectively). Un-
der the conditions that the digestion rate is first order in
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Figure 5. H3 tail contacts with DNA super helical locations (SHLs) in nucleosomal and subnucleosomal species. Plots are for (A) nucleosome, (B) hexasome,
and (C) tetrasome. Contacts are summed over each SHL and plotted for each H3 tail. (D) The number of contacts formed between H3 tail residues and
DNA base-pairs were mapped onto nucleosomal and subnucleosomal DNA. The thickness and color (see key) of the cartoon backbone represents the
number of contacts for a given base pair, where thicker indicates more contacts. A representative end-state structure is used for each species. Histones are
omitted from the image for ease of visualization.
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Table 1. Summary of binding energetics, solvent exposed surface area, and contacts of individual H3 tails from molecular dynamics simulations

H3 tails System �EDNA-tail (kcal/mol)
Solvent accessible surface

area (Å2)
Total number of

contacts

Tail1 Nucleosome –131.0±1.7 2103.2 ± 48.0 922
Hexasome (hex-N) –123.3±2.0 1989.3 ± 52.7 891
Tetrasome –119.0±2.4 2313.2 ± 64.3 815

Tail2 Nucleosome –132.0±1.6 2022.7 ± 48.7 989
Hexasome (hex-T) –110.5±1.5 2210.9 ± 48.6 789
Tetrasome –116.0±1.3 2327.9 ± 37.8 837

Figure 6. Trypsin digestion assays support differential accessibility of the H3 tail within different nucleosomal species. Gel-based trypsin digestion assays
were used to probe tail accessibility. (A) The bar graph displays the results from proteolysis at a constant concentration of nucleosomal species (3 �M)
and varying concentrations of trypsin. The progress of the trypsin proteolysis was assessed via SDS-PAGE. The fraction of full-length H3 remaining at t
= 20 min as compared to t = 0 is shown, as determined by the intensities (volumes) of gel bands for full-length H3. The average and standard deviation
are depicted from three experimental replicates. Data are marked (*) if differences between nucleosomal species at a given trypsin concentration were
determined to be statistically significant as determined by a two-way ANOVA followed by a tukey post-hoc analysis (P <0.05). (B) The time course of
a trypsin digestion was followed at the 1:1/500 molar ratio of nucleosomal species:trypsin with 3 �M of the given nucleosomal species. The progress of
trypsin proteolysis was assessed via SDS-PAGE. The fraction of full-length H3 remaining is plotted as a function of time. The intensities (volumes) of gel
bands for full-length H3 were normalized to H3 at t = 0, and the average and standard deviation are depicted from three gel replicates. Weighted single
exponential fits (constrained to decay to zero and to have y-intercept ≤ 1) are shown for nucleosome and tetrasome (solid lines). The sum of the two
exponential decays, with each weighted by one-half, represents the predicted time course for hexasome (dashed line).

enzyme (trypsin) concentration, which is supported by Fig-
ure 6A and Supplementary Figure S14A (lower left), the
rate of digestion is proportional to the H3 tail site expo-
sure equilibrium constant. This is the relative concentra-
tion of H3 tail accessible states as compared to inaccessi-
ble states. This overall approach is analogous to the studies
that use restriction enzyme to measure DNA accessibility
with partially unwrapped nucleosomes (48). From the ra-
tio of kobs, the relative site exposure probability is calcu-
lated as 15.8 ± 0.3, implying that the accessibility of the
H3 tails is an order of magnitude greater upon loss of the
H2A/H2B dimers. If the hexasome consists of one nucleo-
somal H3 tail and one tetrasomal H3 tail, as expected from
the NMR data, the hexasome time course should be a sum
of the two exponential decays, with each weighted by one-
half (Figure 6B, dashed medium-grey line). Indeed, the ex-
perimental data for the hexasome are in very close agree-
ment with this predicted time course (P = 0.999 in a two-
sample t-test), strongly supporting that one H3 tail is in the
nucleosomal state and the other H3 tail is in the tetrasomal
state.

These proteolysis studies suggest that loss of the
H2A/H2B dimer leads to increased accessibility to H3 tail
binding proteins due to a change in the conformational en-
semble and/or dynamics of the tails. In addition, they sup-
port results from NMR and MD analysis that the hexas-
ome contains one tail in a nucleosomal state and one tail in
a tetrasomal state.

DISCUSSION

In this study, we find that the conformational ensembles and
accessibility of the histone H3 tails are modulated by nucle-
osome composition. NMR and MD provide complemen-
tary views of the H3 tails. Both analyses support that the H3
tails adopt distinct DNA-bound conformational ensembles
between nucleosomal and subnucleosomal species. In par-
ticular, MD simulations support that loss of the H2A/H2B
dimer results in the adjacent H3 tail sampling unique SHLs
along the DNA and adopting more extended conforma-
tions. The NMR experiments support an increase in inter-
nal dynamics of the H3 tail on the ps-ns timescale, sug-
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Figure 7. Model for the effect of nucleosome assembly state on H3 tail conformational ensemble. This cartoon model illustrates that loss of H2A/H2B
dimer influences the conformational ensembles and dynamics of the adjacent H3 tail. DNA, H3/H4 and H2A/H2B dimers are shown in shades of grey. Of
the histone tails, only the H3 tails are explicitly represented. The cartoon depicts a cloud for the tail conformational ensemble and explicitly depicts a subset
of states within the DNA-bound ensemble. The shift in the color of the cloud from light to dark red indicates an increase in conformational dynamics
within the ensemble. Shown from left to right are the nucleosome, hexasome (loss of one H2A/H2B dimer), and tetrasome (loss of both H2A/H2B dimers).

gesting faster transitions between DNA bound states. While
MD simulations also support that loss of the H2A/H2B
dimer leads to greater dynamics of the adjacent H3 tail,
these greater fluctuations are largely coupled to an increase
in DNA dynamics rather than an increase in internal mo-
tions on the DNA on the current timescale. We speculate
that this discrepancy may be due to the water model used in
the MD simulations. Specifically, the standard TIP3P model
used here may over-stabilize the tail/DNA interactions of
each ensemble state and therefore suppress the localized dy-
namics on the ps-ns timescale. Indeed, this effect has re-
cently been observed in the context of histone tail dynamics
(76,77). Notably however, the tails are bound more weakly
to the DNA and have greater solvent exposure upon loss of
the dimer in these simulations in line with the NMR data.

From these results, we propose a model wherein
H2A/H2B dimer loss and concomitant DNA unwrapping
lead to an H3 tail ensemble of DNA-bound states that sam-
ples more extended conformations with faster conforma-
tional dynamics (Figure 7). This is likely due to a change
in the density of DNA around the tail upon DNA unwrap-
ping. In the hexasome, this leads to asymmetric H3 tails in
which one tail adopts a nucleosomal-like state and one tail
a tetrasomal-like state. Importantly, these changes in con-
formational dynamics lead to increased accessibility of the
tail, indicating that nucleosome composition can regulate
histone tail signaling.

These results are in agreement with recent fluorescence
studies that observed an increase in H3 tail dynamics upon
salt-induced loss of dimer to form hexasome (25). Another
recent study showed that replacement of DNA at one entry-
exit site by the pAID of FACT, which also breaks the
pseudo-symmetry of the nucleosome similar to in the hexa-
some, leads to asymmetry of the conformation and dynam-
ics of the two H3 tails within the nucleosome (72). In ad-
dition, the results presented here are reminiscent of recent
studies which found that binding of HMGN1 and HMGN2
to nucleosomes shift the location of H3 tail-DNA contacts,
which was proposed to be involved in modulating chro-
matin condensation (43). Thus, modulating the conforma-
tional ensemble of the H3 tail within the nucleosome (or

its sub-species) may be a general mechanism for regulating
chromatin structure and accessibility.

Previous studies addressing histone tail accessibility in
the context of the nucleosome have shown that the tails
are significantly occluded within the nucleosome as com-
pared to histone peptides or refolded histones (30,35–37).
In the case of the H3 tail, accessibility to chemical mod-
ification is reduced by a factor of ∼250 at 50 mM NaCl
and ∼10 at 150 mM NaCl (30). It has been proposed that
accessibility to the H3 tail could be modulated by a num-
ber of factors including histone PTMs and DNA dynamics.
Here, we find that, in the absence of salt, accessibility of the
nucleosomal H3 tail to trypsin is increased by a factor of
∼16 upon H2A/H2B dimer loss and increased tail dynam-
ics. Notably, this is consistent with recent data showing that
in vivo cleavage of the H3 tail by trypsins is enhanced by
acetylation, which has also been shown to increase the dy-
namics of the H3 tail (36,73). These results also align with
investigations into the linked PHD fingers of CHD4, which
bind the H3 tails in an DNA-depleted 80 bp-tetrasome with
greater affinity than the 147 bp-nucleosome (30). In addi-
tion, replacement of DNA at one entry-exit site by FACT
pAID modulates accessibility of the H3 tail to acetylation
by Gcn5 (72). Altogether, this supports that altering nucle-
osome composition, whether by H2A/H2B dimer loss or
other modes of DNA displacement, will modulate accessi-
bility of chromatin-associated proteins to the H3 tail.

The modulation of H3 tail conformational dynamics and
accessibility seen here are intriguing in light of previously
observed changes in DNA dynamics and accessibility. In
particular, loss of the H2A/H2B dimer leads to DNA un-
wrapping and increased transcription factor association to
an exposed consensus site to the level of free DNA (27). In
the hexasome, unwrapping of one side stabilizes the still-
wrapped side, decreasing the unwrapping dynamics and as-
sociation of transcription factors to a consensus site as com-
pared to a nucleosome (27). It has been hypothesized that
this reduced DNA unwrapping is due to rearrangement of
the histones upon loss of the dimer. Here, simulations sug-
gest that in the hexasome the H3 tail of the still-wrapped
side adopts a more compact conformation on the wrapped
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DNA. In addition, the H3 tail from the unwrapped side
crosses the dyad to the still-wrapped side to make additional
contacts with the wrapped DNA. Thus, the H3 tail may be
aiding in the observed stabilization.

In addition, since loss of H2A/H2B dimer leads to both
DNA unwrapping and site exposure, as well as increased H3
tail accessibility, these concomitant changes could function
cooperatively. For example, a protein domain that binds
transiently to partially unwrapped nucleosomal DNA is an-
ticipated to increase the H3 tail accessibility to an H3 tail
binding domain. This could result in cooperative binding
similar to how adjacent transcription factor binding sites
can result in cooperative binding (78). Furthermore, if the
DNA and H3 tail binding domains are within the same
protein or complex, the concomitant increase in accessibil-
ity of DNA and histone H3 tail could multiplicatively in-
crease the binding probability. This could preferentially tar-
get complexes to the side of the hexasome that is missing the
H2A/H2B dimer. Future studies will be needed to directly
investigate these potential cooperativity mechanisms.

While recent data indicates the presence of sub-
nucleosomes in vivo, their role is not yet fully understood.
However, in vitro studies indicate that they modulate the ac-
tivity of chromatin regulators (such as ATP-dependent re-
modelers) and RNA polymerase. In particular, the observed
asymmetry of the hexasome has been hypothesized to play
an important regulatory role. Here we observe that the his-
tone H3 tail conformational dynamics and accessibility are
regulated by the sub-nucleosome state and are asymmetric
in the hexasome. We expect this will modulate the activity of
chromatin modifiers and ATP-dependent remodelers, help-
ing to shape the chromatin landscape, and may also con-
tribute to regulation of transcription.
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