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ABSTRACT: Acetylation of the histone H4 tail (H4Kac) has been established as
a significant regulator of chromatin architecture and accessibility; however, the
molecular mechanisms that underlie these observations remain elusive. Here, we
characterize the ensemble features of the histone H4 tail and determine how they
change following acetylation on specific sets of lysine residues. Our comprehensive
account is enabled by a robust combination of experimental and computational
biophysical methods that converge on molecular details including conformer size,
intramolecular contacts, and secondary structure propensity. We find that
acetylation significantly alters the chemical environment of basic patch residues
(16−20) and leads to tail compaction that is partially mediated by transient
intramolecular contacts established between the basic patch and N-terminal amino acids. Beyond acetylation, we identify that the
protonation state of H18, which is affected by the acetylation state, is a critical regulator of ensemble characteristics, highlighting the
potential for interplay between the sequence context and post-translational modifications to define the ensemble features of
intrinsically disordered regions. This study elucidates molecular details that could link H4Kac with the regulation of chromatin
architecture, illuminating a small piece of the complex network of molecular mechanisms underlying the histone code hypothesis.

1. INTRODUCTION
Intrinsically disordered regions (IDRs) are enriched within
chromatin associated proteins and constitute essential
topological domains of each core histone protein, highlighting
that IDRs are essential for actualizing DNA-templated cellular
processes.1,2 The histone IDRs, referred to as “tails”, form
interactions that mediate hierarchical chromatin structure and
define genome accessibility.3 The histone tails also function as
regulatory hubs that can be reversibly decorated with post-
translational modifications (PTMs) to recruit cellular machi-
nery and alter chromatin structure with spatial and temporal
specificity.4 The histone code hypothesis articulates that
specific histone PTMs have interpretable effects on chromatin
architecture and the efficiency of DNA-templated cellular
processes, but the mechanistic link between a histone PTM
and its regulatory outcomes can often be obscured in part due
to challenges associated with structural and biophysical
characterization of their disordered tails.5−7

Protein structure confers function, even within IDRs.8 Yet,
IDRs sample conformational ensembles defined by free energy
landscapes with shallow transition barriers between con-
formers, such that their structure/function relationship can
be challenging to unravel.9,10 The conformational ensemble of
an IDR depends on primary structure and environment, so
even small perturbations to these properties can significantly
alter functional behaviors including localization, compartmen-
talization, and interaction with molecular binding part-
ners.8,11,12 Changes to the primary structure of an IDR can
be genetically encoded through mutations or incorporated

after expression through PTMs. The histone tail sequences are
highly conserved across domains of life as point mutations are
lethal or not well tolerated.13−16 In contrast, PTMs within
histone tails are remarkably abundant.4,17 Intriguingly, the
most aggressive oncohistone mutations appear to be at or near
residues normally targeted for PTM.18 Structural and
biophysical characterization of how PTMs alter the conforma-
tional ensemble of histone tails can provide mechanistic links
between specific modification events and regulatory outcomes,
elucidating the molecular details of the histone code
hypothesis.4,19−21

Lysine acetylation of the histone H4 tail (H4Kac) is
associated with active euchromatin and has profound impacts
on chromatin architecture through unresolved mecha-
nisms.22,23 For example, acetylation of H4K16 uniquely
abolishes 30 nm fiber formation in vitro.24 The proposed
model underlying this observation is that chromatin fiber
formation is mediated by electrostatic interactions between the
basic patch of the H4 tail (residues 16-20) and the acidic patch
formed by H2A and H2B of the next neighbor nucleosome
such that neutralization of H4K16 through acetylation weakens
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these interactions and abrogates fiber formation.25−27 Yet,
Cryo-EM studies of reconstituted chromatin fibers do not align
with this model because they resolve R23 as the acidic patch
anchor rather than K16 or another basic patch residue.28

Additionally, imaging of chromatin in situ suggests that 30 nm
fibers may primarily be an artifact of reconstituted arrays rather
than a common or functionally relevant structure in cell nuclei,
further convoluting the mechanistic links between H4Kac and
active euchromatin regions.3,29,30

Numerous molecular dynamics simulations have been
employed to predict changes between the conformational
ensembles of the unmodified and acetylated H4 tail; some have
even endeavored to directly link those changes to functional
outcomes by expanding the simulations to include various
chromatin-like environments.31−34 These studies predict
acetylation dependent changes in secondary structure propen-
sity, conformational heterogeneity, and compaction, but
disagree on specific details. Additionally, these models often
utilize molecular mimics of lysine acetylation rather than
chemically accurate acetyllysine moieties, and their predictions
have not been interrogated by subsequent experiments.
In this study, we leveraged 13C direct-detect NMR alongside

orthogonal experimental and computational biophysics ap-
proaches to characterize acetylation dependent changes to the
conformational ensemble and properties of the histone H4 tail.
We find that acetylation of K16 and K20 specifically changes
the chemical environment of basic patch residues, and that
acetylation leads to tail compaction that is partly mediated by
increased sampling of intramolecular contact between the basic
patch and N-terminal amino acids. Additionally, we identify a
Kac dependent shift in the pKa of H18, whose protonation
state informs key characteristics of the acetylated ensemble
including compaction and secondary structure propensity. The
results of this study derive from a conversation between
experimental and computational methods, providing a cross-
validated model for how acetylation influences the conforma-
tional ensemble and characteristics of the H4 tail. Ultimately,
these findings provide molecular details that could link H4Kac
with regulation of chromatin architecture, illuminating a small
piece of the complex network of molecular mechanisms
underlying the histone code hypothesis.

2. METHODS
2.1. Plasmids and Construct Generation. Human

histone H4(1-25) was inserted into pET His6 TEV LIC
cloning vector 1 M (Addgene #29656) with ligation
independent cloning. All mutagenesis was accomplished with
Q5 site directed mutagenesis (NEB E0554S), including
deletion of the N terminal cloning artifact (SNA) and insertion
of a C-terminal exogenous W26 which was added to enable
visualization by 2,2,2-Trichloroethanol (TCE) stain (Bean-
Town Chemical 216535) during purification.
P300HAT was originally obtained from pETduet+p300HAT

(Addgene #157793) deposited by Michael Rosen, which
coexpressed human p300(1284-1664) with yeast Sirt2. Addi-
tional p300HAT constructs were produced by cloning various
truncations into pET His6 TEV LIC vector 1 M with ligation
independent cloning.
2.2. Recombinant Protein Expression. 2.2.1. Natural

Abundance Histone H4 Tail. H4(1−25)W was expressed as a
fusion to 6xHis tagged MBP. Transformed BL21 DE3
Escherichia coli (E. coli) were grown in Luria Broth (LB)
supplemented with 50 mg/mL Kanamycin at 37 °C to OD600

of 0.8−1.0 and expression was induced with 1 mM IPTG for 3
h at 37 °C. Cells were harvested by spin centrifugation and
washed in 20 mM Tris pH 7.5, 20 mM sodium chloride, 2 mM
EDTA before storage of the cell pellet at −80 °C.

2.2.2. Isotope-Labeled Histone H4 Tail. For 13C/15N
incorporation, expression was performed in M9 minimal
media formulated with 2 g 13C D-glucose (Cambridge Isotope
Laboratories CLM-481-PK) and 1 g 15N ammonium chloride
(Cambridge Isotope Laboratories DNLM-8739-PK). Trans-
formed BL21 DE3 E. coli were grown in 5 mL LB for ∼8 h,
then 500 μL of starter culture was used to inoculate 50 mL M9
which was grown overnight at 37 °C. All 50 mL of the
overnight was used to inoculate 1L M9 supplemented with 50
mg/mL Kanamycin. The culture was grown at 37 °C to OD600
of 0.8−1.0 and expression was induced with 1 mM IPTG for 3
h at 37 °C. Cells were harvested by spin centrifugation and
washed in 20 mM Tris pH 7.5, 20 mM sodium chloride, 2 mM
EDTA before storage of the cell pellet at −80 °C.

2.2.3. P300HAT. To express 9xHis tagged p300HAT from
pETduet+p300HAT, transformed BL21 Rosetta E. coli were
grown in Terrific Broth (TB supplemented with 0.4% w/v
glycerol, 1 mM MgCl2, 100 mg/mL ampicillin, and 25 mg/mL
chloramphenicol) at 37 °C to OD600 of 0.8−1.0. The growth
was transferred to 18 °C for 1 h before expression was induced
with 0.5 mM IPTG for 16−18 h at 18 °C. Cells were harvested
by spin centrifugation and washed in 20 mM Tris pH 7.5, 20
mM sodium chloride, 2 mM EDTA before storage of the cell
pellet at −80 °C. P300HAT constructs in pET His6 TEV LIC
1 M were expressed in the same manner.
2.3. Recombinant Protein Purification. 2.3.1. Histone

H4 Tail. The H4(1-25)W cell pellet was thawed at room
temperature for 20 min then resuspended in 50 mM Tris pH
7.5, 500 mM sodium chloride, 20 mM imidazole, 2 mM β-
mercaptoethanol, and 1× protease inhibitor cocktail set V
(Millipore Sigma 539137-10VL). Cells were lysed by
sonication and the lysate was clarified by spin centrifugation
for 30 m at 14,000g and 4 °C. The soluble fraction was loaded
onto NiNTA resin (G-Biosciences 786-407) equilibrated with
50 mM Tris pH 7.5, 500 mM sodium chloride, 20 mM
imidazole, 2 mM β-mercaptoethanol. Bound protein was
washed with 5 CV 50 mM Tris pH 7.5, 200 mM sodium
chloride, 20 mM imidazole, 2 mM β-mercaptoethanol and
eluted with 5 CV 50 mM Tris pH 7.5, 200 mM sodium
chloride, 200 mM imidazole, 2 mM β-mercaptoethanol. The
fusion tag was cleaved overnight at 4 °C with TEV (Tobacco
Etch Virus) protease (a gift from Song Tan) and dialyzed in 1
kDa molecular weight cutoff (MWCO) membrane tubing
(Spectrum Laboratories 132638) against 50 mM Tris pH 7.5,
100 mM sodium chloride, 1 mM dithiothreitol. Dialysate was
loaded onto SP Sepharose Fast Flow resin (Cytiva 17072910)
equilibrated with dialysis buffer. Bound protein was sequen-
tially eluted with a step gradient of 4 CV fractions containing
50 mM Tris pH 7.5 and 400, 500, 700, and 1000 mM sodium
chloride. The 700 mM salt fraction was dialyzed overnight at 4
°C in 1 MWCO membrane tubing against 50 mM K2HPO4
pH 7.2, 150 mM potassium chloride. The peptide was
concentrated with 1 MWCO spin concentrators (Cytiva
MAP001C36 and MCP001C41) at 4000g, 16 °C. The peptide
does not aggregate if it is not concentrated >2 mM, typically
the yield from 1 L of expression could be safely concentrated
to 500 μL. Peptide can be stored at −80 °C and is stable at
room temperature for >1 week.
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2.3.2. Histone H4 Tail V21C. Purification followed the
protocol above, however the V21C mutant elutes in the 1000
mM salt fraction of ion exchange rather than the typical 700
mM salt fraction. Additionally, reducing reagent was
maintained in all buffers such that the ion exchange fractions
contained 50 mM Tris pH 7.5, 2 mM β-mercaptoethanol, and
400, 500, 700, and 1000 mM sodium chloride while the final
dialysis buffer contained 50 mM K2HPO4 pH 7.2, 150 mM
potassium chloride, 1 mM DTT.

2.3.3. P300HAT. All p300HAT constructs were purified the
same way. All purification steps were performed on ice or at 4
°C. A cell pellet was thawed at 4 °C for 30 m then resuspended
in 50 mM HEPES pH 7.0, 500 mM sodium chloride, 30 mM
imidazole, 10% w/v glycerol, 5 mM β-mercaptoethanol, 1 mM
PMSF, 1× protease inhibitor cocktail set V. Cells were lysed by
sonication and the lysate was clarified by spin centrifugation
for 45 m at 20,000g and 4 °C. The soluble fraction was loaded
onto NiNTA resin equilibrated with 50 mM HEPES pH 7.0,
500 mM sodium chloride, 30 mM imidazole, 10% w/v
glycerol, 5 mM β-mercaptoethanol. Bound protein was washed
with 5 CV 50 mM HEPES pH 7.0, 1 M sodium chloride, 30
mM imidazole, 10% w/v glycerol, 5 mM β-mercaptoethanol
followed by 5 CV 50 mM HEPES pH 7.0, 150 mM sodium
chloride, 30 mM imidazole, 10% w/v glycerol, 5 mM β-
mercaptoethanol then eluted with 5 CV 50 mM HEPES pH
7.0, 150 mM sodium chloride, 300 mM imidazole, 10% w/v
glycerol, 5 mM β-mercaptoethanol. The 9xHis or 6xHis-MBP
tag was cleaved overnight at 4 °C with TEV protease and
dialyzed in 3.5 MWCO membrane tubing (Fischer Scientific
08-670-5B) against 50 mM HEPES pH 7.0, 150 mM sodium
chloride, 30 mM imidazole, 10% w/v glycerol, 5 mM β-
mercaptoethanol. Dialysate was loaded onto NiNTA resin
equilibrated with dialysis buffer, and flowthrough was chased
with 2 CV dialysis buffer. Bound protein was eluted with
dialysis buffer supplemented with 300 mM imidazole. The
flowthrough was dialyzed overnight at 4 °C in 3 MWCO
membrane tubing against 50 mM HEPES pH 7.0, 100 mM
sodium chloride, 10% w/v glycerol, 1 mM DTT. The dialysate
was concentrated with a 3 MWCO spin concentrator
(Millipore Sigma UFC9003) so that the final concentration
of p300HAT was 200 μM, then stored at −80 °C.
2.4. Reagent and Sample Preparation. Acetyl-CoA

synthesis was conducted following our standard protocol,35 by
combining CoA lithium salt (1 M equiv, CoALA Biosciences
AC02) and 1,1′,2,2′-13C acetic anhydride (1.8 M equiv,
Cambridge Isotope Laboratories CLM-1161-1) in 200 μL 0.5
M sodium bicarbonate in an Eppendorf tube, which was
incubated in an ice bath for 45 min. The product was
characterized by 1D 1H NMR and stored at −80 °C without
further purification. A 200 μL reaction yielded approximately
13.4 mg of 13C acetyl CoA. Natural abundance acetyl-CoA was
prepared in the same way, but using 12C acetic anhydride (1.8
M equiv, Sigma-Aldrich 242845).

2.4.1. Acetylation Reactions. Following dialysis into 50 mM
K2HPO4 pH 7.2, 150 mM potassium chloride, the H4 tail
peptide was concentrated to 2 mM with 1 MWCO spin
concentrators at 4000g, 16 °C. Standard acetylation reactions
were accomplished overnight at room temperature in 50 mM
Tris, 50 mM Bis·Tris, 100 mM sodium acetate pH 7.5, 1 mM
DTT, with 500 μM H4 tail, 10 μM p300HAT, and 5 mM
acetyl-CoA (2 M equiv for each available lysine residue).
Following acetylation, p300HAT was removed from the
sample by heating at 90 °C for 5 m, centrifugation at

20,000g for 5 m, and transfer of the supernatant to a clean
tube.

2.4.2. MALDI-MS. 50 μL samples of >50 μM peptide were
desalted with C18 spin columns (G-Biosciences 786-930)
according to manufacturer instructions. The eluent in 70%
acetonitrile was dried for 3 h in a tabletop vacuum dryer then
resuspended in 5 μL chromatography grade water (Fischer L-
13780). Samples were mixed 1:1 with 20 mg/mL Super-DHB
matrix (Sigma-Aldritch 50862-1G-F) in 50% acetonitrile, 1%
trifluoroacetic acid, 1% phosphoric acid.

2.4.3. SAXS. Recombinant peptides with 0Ac, 3Ac (on K5,
K8, and K12), and 5Ac (on K5, K8, K12, K16, and K20) were
synthesized by Genscript with >90% purity and guaranteed
acetate substitution for trifluoracetic acid. Peptide identity and
purity was confirmed by MALDI-MS (Figure S3A). Peptides
were resuspended in 50 mM K2HPO4 pH 7.2, 150 mM
potassium chloride at 5 mg/mL. Exact concentrations were
determined by Fourier Transform Infrared Spectroscopy and
samples were diluted to 2 mg/mL.

2.4.4. Chemical Shift Assignment. Following purification
by ion exchange chromatography (for the unacetylated
sample) or the acetylation reaction (for the acetylated sample),
the 13C/15N H4 tail peptide was dialyzed overnight at 4 °C in
1 MWCO membrane tubing against 50 mM K2HPO4 pH 7.2,
150 mM potassium chloride. Samples were concentrated with
1 MWCO spin concentrators at 4000g, 16 °C to 500 μL and
spiked with 0.1% sodium azide (EMD SX0299-3). Initial
chemical shift assignments were collected with unacetylated
(SNA)H4(1-25)(W) and a G7A mutant that enabled
deconvolution between identical GKGG sequence regions
(Figure S1).

2.4.5. Chemical Shift Perturbation. Following purification
by ion exchange chromatography the unacetylated 13C/15N H4
tail peptide was dialyzed overnight at 4 °C in 1 MWCO
membrane tubing against 50 mM K2HPO4 pH 7.2, 150 mM
potassium chloride. The sample was concentrated with 1
MWCO spin concentrators at 4000g, 16 °C to 500 μL. For
buffer matching purposes, unAc spectra were collected in 50
mM Tris, 50 mM Bis·Tris, 100 mM sodium acetate pH 7.5, 1
mM DTT, with 1 mM H4 tail and 10 mM acetyl-CoA. Partial
(3×) acetylation of this sample was accomplished overnight at
room temperature in 50 mM Tris, 50 mM Bis·Tris, 100 mM
sodium acetate pH 7.5, 1 mM DTT, with 1 mM H4 tail, 20
μM p300HAT, and 10 mM acetyl-CoA (2 M equiv for each
available lysine residue). We observed that the efficiency of
p300HAT varied with substrate concentration such that the
enzyme was unable to fully acetylate more concentrated
samples, however the specifics were not reproducible. After
removing the p300HAT as described above and buffer
exchanging back into 50 mM K2HPO4 pH 7.2, 150 mM
potassium chloride, complete (5×) acetylation was accom-
plished overnight at room temperature in 50 mM Tris, 50 mM
Bis·Tris, 100 mM sodium acetate pH 7.5, 1 mM DTT, with
500 μM H4 tail, 10 μM p300HAT, and 5 mM acetyl-CoA,
then the sample was concentrated back to 1 mM for data
collection.

2.4.6. MTSSL Labeling. Following purification by ion
exchange chromatography (for the unacetylated sample) or
the acetylation reaction (for the acetylated sample), the
13C/15N H4 V21C tail peptide was dialyzed overnight at 4 °C
in 1 MWCO membrane tubing against 50 mM K2HPO4 pH
7.2, 150 mM potassium chloride, 1 mM DTT. The sample was
concentrated with 1 MWCO spin concentrators at 4000g, 16
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°C to 600 μL such that the peptide concentration was
approximately 1.7 mM. Ten M equivalents of DTT were added
and the sample incubated at room temperature for 30 m. For
the unacetylated sample, desalting was accomplished using a
PD-10 desalting column (Cytiva 17085101) according to
manufacturer instructions. For the acetylated sample, peptide
compaction prevented efficient separation from small mole-
cules with a PD-10 column. Therefore, desalting was
accomplished using a polyacrylamide desalting column
(ThermoScientific 43426) and collection of the first 3 mL of
elution. Peptides were eluted into a black out 5 mL Eppendorf
tube. Immediately following elution, 10 mg MTSSL (VWR
89151-196) resuspended in 500 mL acetonitrile acetonitrile
was added to the eluent and the sample was incubated at 4 °C
for 1 h. The sample was transferred to a 1 MWCO spin
concentrator and diluted to 25 mL with 50 mM K2HPO4 pH
7.2, 150 mM potassium chloride. Buffer exchange was
accomplished by concentrating the sample to <5 mL and
refilling to 25 mL with fresh buffer twice before bringing the
final sample volume to 600 μL.

2.4.7. pKa Titrations. Following purification by ion exchange
chromatography (for the unacetylated sample) or the
acetylation reaction (for the acetylated sample), the 13C/15N
H4 tail peptide was dialyzed overnight at 4 °C in 1 MWCO
membrane tubing against 50 mM K2HPO4 pH 8.25, 150 mM
potassium chloride. The sample was concentrated with 1
MWCO spin concentrators at 4000g, 16 °C to 700 μL.
2.5. Molecular Dynamics (MD) Simulations. The initial

H4 peptide configurations were selected from three distinct
coil structures generated via the Flexible Meccano algorithm36

using the ProtSA Web server.37 Force field parameters for
lysine acetylation were sourced from the Force field_PTM
developed by Khoury et al.38 System topologies were modeled
employing the Amber03ws force field,39 available at https://
bitbucket.org/jeetain/all-atom_ff_refinements. The protona-
tion state of H18 was modeled interactively in Gromacs during
structure preparation with the pdb 2gmx tool. An octahedral
box with a side length of 6 nm was chosen to ensure at least 1.5
nm of water molecules surrounding the H4 peptide. Initially,
the system energy was minimized in vacuum, followed by
another energy minimization, after solvation with TIP4P/2005
water molecules,40 using the steepest descent algorithm in
Gromacs-2021.6.41 To replicate physiological salt concen-
trations (150 mM), Na+ and Cl− ions were added, along with
additional counterions, to achieve charge neutrality. Improved
salt parameters from Lou and Roux42 were utilized for all
simulations. The system underwent initial equilibration in a
canonical ensemble (NVT) using a Nose-Hoover thermostat43

with a coupling constant of 1.0 ps at 300 K. This was followed
by further equilibration in an isothermal−isobaric ensemble
(NPT) using a Berendsen barostat44 with an isotropic coupling
constant of 5.0 ps to maintain a pressure of 1 bar. The
Gromacs files were converted to Amber inputs using the
“gromber” function in Parmed,45,46 and hydrogen mass
repartitioning47 to 1.5 amu was performed during conversion
to facilitate a 4 fs time step for production runs.
Subsequent simulations were performed using the Amber22

MD simulation package. A tabulated list of all simulations
performed in this study and their associated time-dependent
secondary structure plots are included in Figure S7. Initially, a
minimization run was conducted using both the steepest
descent and conjugate gradient algorithms, with all non-
hydrogen atoms restrained by a 5 kcal/(mol·Å2) force

constant. This was followed by two NVT simulations with a
time step of 4 fs: a 5 ns equilibration at 300 K with a reduced
force constant of 1 kcal/(mol·Å2) and an additional 5 ns
equilibration at 300 K with all restraints removed. Further
equilibration was performed for 10 ns under an isothermal−
isobaric ensemble (NPT) using a 4 fs time step, a Monte Carlo
barostat with an isotropic coupling constant of 1.0 ps, and a
pressure of 1.0 bar. Temperature control was maintained using
Langevin dynamics with a friction coefficient of 1.0 ps−1, while
the SHAKE algorithm48 was applied to hydrogen atoms. A
nonbonded cutoff of 0.9 nm was applied for short-range
interactions, and long-range electrostatic interactions were
managed using the Particle Mesh Ewald (PME) method.49,50

Finally, a 4 μs NPT production run for each configuration was
carried out, utilizing the same parameters as those used for
equilibration.
2.6. Data Collection and Analysis. 2.6.1. MALDI-MS.

Peptide samples were evaluated on a Bruker Ultraflextreme
MALDI TOF-TOF instrument equipped with a 355 nm
frequency-tripled NdYAG smartbeam-II laser. The mass
spectra were acquired using a factory-configured instrument
method for reflector positive-ion detection over the 700−3500
m/z range. Laser power attenuation and pulsed ion extraction
time were optimized to achieve the best signal-to-noise. The
instrument was calibrated with a bovine serum albumin tryptic
peptide mixture (Protea, p/n PS-204-1). Mass spectra were
opened in FlexAnalysis, smoothed (SavitzkyGolay, 0.2 m/z, 1
cycle), baseline-subtracted (TopHat), and the mass lists were
generated using a Snap peak detection algorithm with signal-
to-noise threshold set at 6 and using the Averagine SNAP
average composition. Data normalization and plotting was
accomplished in R-Studio (1.4.11).

2.6.2. SEC-MALS. Samples were evaluated at 2 mg/mL and
25 °C on an Agilent 1260 Infinity II HPLC system equipped
with an autosampler and Superdex 200 Increase 10/300 GL
column (Cytiva 28990944). Wyatt Technology DAWN
MALS, Wyatt Optilab refractive index detector, and Agilent
UV detector were used for analyzing the molar mass of peaks
that eluted from the column. The SEC−MALS system was
equilibrated for 5 h with 50 mM K2HPO4 pH 7.2, 150 mM
potassium chloride. A 40 μL sample volume was injected at a
flow rate of 1.0 mL/min and a chromatogram run time of 24
min. Normalization and alignment of the MALS and refractive
index detectors were carried out on standard BSA. Data were
analyzed using Wyatt ASTRA software. The chromatogram
showed a single monodisperse monomer peak in the light
scattering and the refractive index (data not shown).

2.6.3. SAXS. Samples were evaluated at 2 mg/mL and 25 °C
at a wavelength of 1.54 Å on in-house home source X-rays
generated by a Rigaku MM007 rotating anode housed with the
BioSAXS2000nano Kratky camera system. The system
includes OptiSAXS confocal max-flux optics designed specif-
ically for SAXS and a HyPix-3000 Hybrid Photon Counting
detector. The sample capillary-to-detector distance was 495.5
μm and calibrated using silver behenate powder (The Gem
Dugout, State College, PA). The useful momentum transfer
scattering vector q-space range (4π sin θ/λ with 2θ being the
scattering angle) was generally from qmin = 0.008 Å−1 to qmax =
0.6 Å−1 (q = 4π sin (θ)/λ, where 2θ is the scattering angle).
The energy of the X-ray beam was 1.2 keV, with the Kratky
block attenuation of 22% and beam diameter of ∼100 μm.
Protein samples were loaded using the Rigaku autosampler on
to a quartz capillary flow cell mounted on a sample stage and
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aligned in the X-ray beam. The sample cell and full X-ray flight
path, including beam stop, were kept in vacuo <1 × 10−3 Torr
to eliminate air scatter. The Rigaku SAXSLAB software was
programmed for automated data collection of each protein
with elaborate cleaning cycles between samples. Data
reduction including image integration and normalization, and
background buffer data subtraction were carried out using the
SAXSLAB software. Six 10 min images and five replicates from
protein and buffer samples were collected and averaged after
ensuring that no X-ray radiation damage had occurred. Guinier
and p(r) analysis was accomplished in ATSAS Primus (3.0)
after averaging the five buffer subtracted replicates for each
sample. Best practices for SAXS analysis of IDPs were observed
in accordance with guidelines published by Kragelund and
Skriver.51 Error estimates provided for Gunier Rg values
reported in Figure 3A are from the Primus Gunier Wizard and
account for error in the best fit interval as well as error
associated with other possible intervals within the acceptable
Gunier range. No error estimates are provided by the Primus
Distance Distribution Wizard.

2.6.4. Chemical Shift Assignments. All experiments were
conducted on a Bruker AVIII-500 MHz spectrometer
equipped with a triple resonance TCI single-axis gradient
cryoprobe. The sample temperature was maintained at 25 °C.
The 13C/15N (SNA)H4(1-25)(W) was supplemented with 5%
D2O and transferred to a 5 mm NMR tube. Entirely
“protonless” chemical shift assignments were generated
following published protocols.52 Briefly, [15N, 13C]-CON and
[15N, 13C]-HACACON experiments were collected using the
standard pulse program from the Bruker Topspin library with a
matrix size of 1024(C′) × 512(N), spectral width of 20 × 30
ppm, 16 scans, and a recycle delay of 1 s. [15N, 1H]-HSQC
experiments were collected using the standard pulse program
from the Bruker Topspin library with a matrix size of 2048(H′)
× 256(N), spectral width of 16 × 44 ppm, 18 scans, and a
recycle delay of 1 s. [15N, 13C]-HACANCACON experiments
were collected using the standard pulse program from the
Bruker Topspin library with a matrix size of 1024(C′) × 64(N)
× 256(C), spectral width of 20 ppm × 30 ppm × 30 ppm, 8
scans, and a recycle delay of 1 s. [15N, 13C]-CCCON
experiments were collected using the standard pulse program
from the Bruker Topspin library with a matrix size of 1024(C′)
× 64(N) × 256(C), spectral width of 20 × 30 × 80 ppm, 8
scans, and a recycle delay of 1 s. In all cases, virtual decoupling
in the 13C direct dimension was achieved through utilization of
in-phase antiphase (IPAP) spectra processed to yield virtual
decoupling using the standard “splitcomb” AU program
distributed with the Bruker Topspin library. Phase correction
was accomplished in Topspin (4.2.0) and spectra were
exported as UCSF files using the ‘easy_bruk2ucsf’ EXE
program distributed with the NMRFAM-Sparky library. Peak
picking and chemical shift assignments were performed in
NMRFAM-SPARKY (1.470) powered by Sparky (3.190) after
referencing carbon dimensions to DSS (methyl 1H = −2.60
ppm) in 50 mM K2HPO4, 150 mM KCl. As this original
sequence was modified (substitution, deletion, labeling,
acetylation), 2D and 3D experiments were repeated as
necessary to confidently transfer chemical shift assignments.
Assignments have been deposited in the BioMagResBank53

(unacetylated BMRB ID 52585, 5Ac BMRB ID 52586).
2.6.5. Chemical Shift Perturbations. For each acetylation

state, the 13C/15N H4 sample was supplemented with 5% D2O
and transferred to a 5 mm NMR tube. [15N, 13C]-CON and

[15N, 13C]-CCCON spectra were collected for unAc, 3Ac, and
5Ac species with the same parameters and initial processing as
described above. After import into NMRFAM-SPARKY, the
identity of the acetylated lysines in each sample was confirmed
by comparing chemical shift information in the [15N, 13C]-
CCCON spectra (Figure S2). Initial processing was accom-
plished in Topspin, peak picking was performed in NMRFAM-
SPARKY54 and chemical shift information was exported for
calculation of chemical shift perturbation for each residue
according to the equation δ = √0.4 × (ω1A − ω1B)2 + 0.7 ×
(ω2A − ω2B)2 where ω1 is the indirect dimension (15N), ω2 is
the direct dimension (13C), and A and B are the two
acetylation states being compared.55

2.6.6. Paramagnetic Relaxation Enhancement. The
MTSSL labeled 13C/15N H4 V21C sample was supplemented
with 5% D2O and transferred to a 5 mm NMR tube.
Paramagnetic [15N, 13C]-CON experiments were collected
using the standard pulse program from the Bruker Topspin
library with a matrix size of 1024(C′) × 256(N), spectral width
of 20 × 30 ppm, 64 scans, and a recycle delay of 1 s. The
nitroxide radical was quenched by addition of 5 M equiv of
sodium ascorbate. The diamagnetic [15N, 13C]-CON was
collected with the same parameters as the paramagnetic [15N,
13C]-CON, as were the paramagnetic and diamagnetic 5Ac
experiments. Initial processing was accomplished in Topspin,
peak picking and integration using Gaussian fit was performed
in NMRFAM-SPARKY after setting NC_PROC to −14 for all
experiments. The intensity ratio was determined by taking
diamagnetic/paramagnetic intensity for each residue. Due to
the partially degenerate positions of R3, K5, K8, and K12 in
the CON, those four residues were evaluated as a group under
a single peak (Figure S4B).

2.6.7. pKa Titrations. The 700 μL 13C/15N H4 sample was
supplemented with 50 μL D2O such that the final volume was
750 μL and peptide concentration was approximately 1.3 mM.
The sample was transferred to a 5 mm NMR tube. [15N, 13C]-
CON experiments were collected using the standard pulse
program from the Bruker Topspin library with a matrix size of
1024(C′) × 256(N), spectral width of 20 ppm × 30 ppm, 8
scans, and a recycle delay of 1 s. For each pH adjustment, the
sample was removed from the NMR tube with an elongated
glass pipet and transferred to an Eppendorf tube, the pH was
adjusted by 0.25 units using 1 M HCl and monitored with a
micro pH probe (ThermoFischer Scientific 9110DJWP), then
transferred back to the NMR tube for collection of the next
[15N, 13C]-CON. Initial processing was accomplished in
Topspin, peak picking was performed in NMRFAM-SPARKY
and chemical shift information was exported for CSP
determination according to the equation δ = √0.4 × (ω1A −
ω1B)2 + 0.7 × (ω2A − ω2B)2 where ω1 is the indirect dimension
(15N), ω2 is the direct dimension (13C), and A and B are the
two pH states being compared. For each residue where start
and end positions did not overlap (G2, R3, G4, H18, R19,
K20, V21, N25, and W26), CSP as a function of experimental
pH was fit in R-Studio to determine pKa with the nlme: Linear
and Nonlinear Mixed Effects Models package according to the

function = + ×
+

×

×(pH)obs
10

1 10

n K

n K
AH A

(pH p a)

pH p a
where δAH and δA− are

the calculated 15N, 13C CSP for the protonated and
deprotonated species, the Hill coefficient, n, represents the
slope of the titration curve in the transition region, and the pKa
value represents the pH at which the ionizable group is
protonated halfway. The N25 and W26 titrations were not
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fittable because their δAH was not measured in the pH range of
these experiments.

2.6.8. NMR Secondary Structure Prediction. Chemical shift
information for Cα (side chain), Cβ (side chain), CO
(backbone), and N (backbone) for each residue were compiled
into SHIFTY file format and submitted to the Δ2D web tool.56

This tool provides no error estimate, however it marks residues
with “less reliable” predictions; none of our residues were
marked as less reliable. As for chemical shift assignments,
chemical shift information submitted to Δ2D was referenced in
the carbon dimensions to DSS (methyl 1H = −2.60 ppm) in
50 mM K2HPO4 pH 7.2, 150 mM potassium chloride.

2.6.9. MD Trajectory Analysis. The Gromacs utility gmx
gyrate was employed to calculate the radius of gyration (Rg)
over the entire trajectory. SAXS scattering curves were
computed for conformations in each ensemble using the
CRYSOL program.57 Ensemble-averaged scattering curves
were generated for the H4 tail simulations with unacetylated,
three-acetylated, and five-acetylated lysine residues. The
software ATLAS Primus was utilized to calculate the Rg from
the scattering curves using Guinier analysis. Secondary
structure calculations were conducted with the gmx do_dssp
program, which leverages the DSSP library.58 For contact
analysis, two residues (i and j) were considered in contact if
their sequence separation exceeded three (|i − j| > 3) and any
pair of heavy atoms from these residues were within 0.6 nm of
each other. This distance cutoff, extensively tested in our
previous studies,59−61 adequately encompasses various contact
modes such as van der Waals interactions, hydrogen bonds,
and salt bridges. Solvent-accessible surface areas were
calculated using the gmx sasa utility, which implements the
algorithm developed by Eisenhaber et al.62

3. RESULTS AND DISCUSSION
We aimed to generate an H4 tail construct that could be used
to study the effects of H4Kac on ensemble characteristics. To
accomplish this, we recombinantly expressed and purified
human H4(1−25) from E. coli and added an exogenous C-
terminal tryptophan to facilitate detection during purification
such that the final working construct was H4(1-25)W (Figure
1A). We then used the human p300HAT module to
enzymatically acetylate the peptide at K5, K8, K12, K16, and
K20- the 5 available lysine residues. We were also able to stop
the reaction at an intermediately acetylated state with marks
mainly on K5, 8, and 12. With this system in hand, we used
NMR, SAXS, and MD simulations to investigate the
conformational ensemble and properties of the unacetylated
(unAc), intermediately acetylated (3Ac), and uniformly
acetylated (5Ac) H4 tail constructs, probing for acetylation
dependent changes to chemical environment, compactness,
secondary structure propensity, intramolecular contacts, and
side chain pKa.
3.1. 15N, 13C−CON Enables Straightforward Chemical

Shift Assignment of the Histone H4 Tail. NMR spectros-
copy remains the only experimental technique that provides
high resolution structural information for IDRs, making it an
ideal platform for characterization of acetylation dependent
changes in the conformational ensemble of the H4 tail.7,63 The
near atomic resolution of NMR relies on acquisition of a
sufficient inventory of chemical shift information to facilitate
unique mapping of observable resonances back to the nuclear
correlation(s) from which they arise. Available 1H-detect
spectra of the H4 tail are challenging to interpret as they suffer

from poor spectral resolution in the direct dimension, which is
typical for IDRs due to high internal flexibility and can prevent
unique resonance mapping or assignment.63,64 Of the four
histone tails, the histone H4 tail has the most crowded and
spectrally degenerate 15N, 1H-HSQC spectrum. While
nucleosome context marginally improves spectral degeneracy,
it also limits the number of observable resonances in the H4
tail to just 15.65 Application of 13C direct-detect NMR typically
overcomes poor spectral dispersion for IDRs, so we wanted to
establish whether 13C-detect NMR could be leveraged to
improve spectral resolution and the utility of chemical shift
information for the H4 tail.52,66

In agreement with prior literature reports, resonances in the
15N, 1H-HSQC of our construct are quite degenerate,
especially around 8 ppm 1H (Figure 1B). Additionally, some
resonances are exchange broadened into the noise due to high
solvent exposure, such as those around 110 ppm 15N. These
spectral characteristics obscure confident assignment and
complicate downstream interpretation. The spectral resolution
for the H4 tail improves significantly using 15N, 13C−CON
compared to 15N, 1H-HSQC NMR spectroscopy, enabling
unique assignment of observable resonances in the CON to
specific peptide bonds in H4(1-25)W (Figure 1C). In addition
to improved resolution, the 13C-detected spectrum facilitates
detection of the residues around 110 ppm 15N which were
exchange broadened in the 1H-detected spectrum. The H4
tail’s easily interpretable 15N, 13C−CON spectrum, and the
underlying resolution of 13C chemical shift information,
provides the necessary foundation for characterization of
acetylation dependent changes in the conformational ensemble
of the H4 tail with atomic resolution.
3.2. Lysine Acetylation Changes the Chemical

Environment of Glycine and Basic Patch Residues.
The conformational ensemble of IDRs depends on primary
structure and is significantly influenced by charge pattern-

Figure 1. H4 tail chemical shift information resolved using 13C direct-
detect NMR spectroscopy. (A) Schematic of H4(1-25)W exper-
imental construct. All experiments were performed with this construct
unless a mutant is specifically indicated. Lysine residues are indicated
in bold, positively charged residues with +, and the exogenous
tryptophan with *. (B) 15N, 1H-HSQC spectrum of H4(1-25)W (C)
15N, 13C−CON spectrum of H4(1-25)W. All NMR experiments were
performed in 50 mM K2HPO4, pH 7.2, 150 mM KCl unless otherwise
indicated.
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ing.67,68 We expected that neutralization of positive lysine side
chains through acetylation would perturb the chemical
environment of the H4 tail and effect changes in the
conformational ensemble.8 Changes in chemical environment
for specific amino acids can be reported through chemical shift
perturbations (CSPs) of resonances in NMR spectra.69

Following enzymatic acetylation of the H4 tail peptide with
p300HAT, we evaluated per residue CSP to determine which
amino acids experienced the most significant changes in
chemical environment.
We found that H4Kac results in backbone CSPs for many

H4 tail residues. We generated two uniformly 15N, 13C
enriched H4Kac constructs with 3Ac and 5Ac modifications.
The 3Ac species is primarily modified on K5, 8, and 12 while
the 5Ac is uniformly modified on K5, 8, 12, 16, and 20 (Figure
2A). The number of acetyl marks was determined by MALDI-

MS (Figure 2B) and the identity of the modified lysine
residues was determined by lysine side chain CSPs in the 15N,
13C, 13C−CCCON (Figure S2A). Surprisingly, the backbone
CSPs of acetylated lysines are negligible, while more significant
CSPs occur for glycine residues preceded by modified lysines.
However, the most significant CSPs occur in the basic patch,
H4(16-20), only after acetylation of K16 and K20. These
significant CSPs cannot be attributed to lysine side chain
neutralization alone as the frequency of acetylation in the basic
patch is no higher than for any other 5 amino acid k-mer, so
this local phenomenon invites closer examination of the basic
patch’s unique chemical features which are explored in later
sections. It is worth noting that these details would not be
interpretable if we had used 1H-detect rather than 13C direct-
detect NMR, as emphasized by overlay of the unAc and 5Ac
15N, 1H-HSQC spectra (Figure S2B).
In addition to CSPs, a new cluster of resonances centered at

126.9 ppm 15N, 176.5 ppm 13C appear in the 3Ac and 5Ac 15N,
13C−CON spectra which can be attributed to the ε-nitrogen
conjugated acetyl moieties since the acetyl-CoA donor is 13C
labeled on both carbons of the acetyl group (Figure 2C). We
attempted to resolve these resonances in the 5Ac 15N, 13C−
CON spectrum by narrowing sweep width parameters and

observed marginal improvement in resonance dispersion, but
the resolution was not sufficient to enable deconvolution and
unique assignment of each Kac resonance (Figure S2D).
However, we were able to establish that no acetyl
modifications were installed at the N-terminus of the WT
H4-tail, a potential off target site for p300HAT, such that all
observed CSPs can be confidently attributed to modification of
the ε-nitrogen in lysine side chains. To accomplish this, we
produced an H4(1-25)W(S1G) mutant that was acetylated at
the N-terminus with ∼50% efficiency and observed emergence
of a resonance centered at 26.1 ppm 13C, 184.1 ppm 13C’ in
the 13C, 13C-CaCO spectrum attributable to the N-terminally
conjugated acetyl moiety which was distinct from the
resonances attributable to ε-nitrogen conjugated acetyl
moieties centered at 24.6 ppm 13C, 176.5 ppm 13C’. The N-
terminal acetyl resonance does not appear in the acetylated
wildtype 13C, 13C-CaCO spectrum, confirming that there is no
N-terminal acetylation of the wildtype H4 tail (Figure S2C).
Together, these results demonstrate that H4Kac alters the
chemical environment of many H4 tail residues, especially
those in the basic patch, and establishes the foundation for
further characterization of acetylation dependent changes to
the conformational ensemble.
3.3. Acetylated H4 Tail Favors More Compact

Conformers. Changes in chemical environment are strong
predictors of changes in conformational ensemble which can
present as measurable differences in average molecule size.70

Neutralization of lysine residues should reduce electrostatic
repulsion, favoring more compact conformers in the acetylated
H4 tail. With this in mind, we aimed to determine whether
H4Kac leads to a change in molecule size by comparing the
probability distribution and average radius of gyration (Rg)
obtained through SAXS experiments and MD simulations for
differentially acetylated H4 tail constructs. Note that while all
experiments were performed with H4 tail constructs that
included the exogenous tryptophan, all simulation constructs
did not include the tryptophan.
The 3Ac and 5Ac tail ensembles favor more compact

conformers compared to unAc. Guinier analysis of exper-
imental SAXS profiles finds that unAc, 3Ac, and 5Ac have
average Rg of 15.75 ± 0.17, 14.86 ± 0.18, and 14.02 ± 0.15 Å
respectively. Crysol analysis to generate theoretical SAXS
profiles reports comparable values with average Rg of 15.17 ±
0.08, 14.70 ± 0.10, and 13.60 ± 0.07 Å respectively (Figures
3A and S3B). This trend is also shown in the Rg probability

Figure 2. Chemical shift information changes in a biphasic manner for
the 3Ac and 5Ac constructs compared to unAc. (A) Schematic of
H4(1-25)W with different acetylation states, histogram of backbone
CSPs for 3Ac and 5Ac with respect to unAc. (B) MALDI-MS of
unAc, 3Ac, and 5Ac. (C) Overlay of unAc, 3Ac, and 5Ac 15N, 13C−
CON spectra with basic patch residues indicated. NMR experiments
were performed in 50 mM K2HPO4, pH 7.2, 150 mM KCl.

Figure 3. H4 tail acetylation results in a more compact ensemble. (A)
Histogram displaying average Rg values for experimental Guinier
analysis (blue) and MD computational Crysol (gray)scattering
profiles for unAc, 3Ac, and 5Ac. Associated error estimates were
provided by Primus Gunier Wizard and Crysol. (B) Rg probability
distributions from MD with mean Rg values and their standard
deviations indicated. Errors of the Rg distributions are estimated using
block averages with five blocks. (C) P(r) distributions from
experimental SAXS data with P(r) derived Rg values indicted.
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distributions derived from the MD simulations (Figure 3B).
Interestingly, the shape of the 5Ac probability distribution is
uniquely skewed to the left. This suggests that the 5Ac
ensemble may uniquely favor compact conformers that are
mostly absent in the unAc and 3Ac ensembles. To a lesser
extent, this is also reflected in the shape of the SAXS derived
P(r) distributions, which show left-hand skewedness in the 5Ac
distribution that is not as pronounced in 3Ac or unAc (Figure
3C). Existing predictions from MD simulations regarding
changes in the Rg of the H4 tail with different acetylation states
have shown disagreement in both direction and magnitude of
the size change.31−34 Here, the direction and magnitude of
acetylation dependent change in molecule size reported by our
MD simulations are experimentally validated, which highlights
the significance of improvements that were made to force field
parameters in the years following prior simulations and
establishes grounds for confidence in the finer molecular
details that can be provided by these modern simulations.
3.4. Acetylation Increases Distal Intramolecular

Contacts. We next wanted to consider the molecular
mechanism(s) that lead to compaction of the H4 tail following
acetylation. The decrease in molecule size predicted by MD
and measured by SAXS could be attributed to globally
distributed compaction, differential sampling of tertiary
contacts, or altered propensity toward formation of secondary
structure element.
With respect to tertiary contacts, acetylation increases

intramolecular contacts between H4 tail residues separated
by sequence distance. The MD simulations report an increase
in distant intramolecular contacts for residues H4(5-22) in 3Ac
compared to unAc, and these interactions are strengthened as
well as expanded over the full tail sequence for 5Ac (Figure
4A). These data predict that H4KAc causes the tail to increase
sampling of wrapped conformations that bring the N and C
terminus in proximity. Informed by these predictions, we
generated and acetylated uniformly 15N, 13C enriched H4(1-
25)W V21C for conjugation with paramagnetic MTSSL and
collection of 15N, 13C−CON paramagnetic relaxation enhance-
ment experiments to determine which residues are proximal to
the basic patch in unAc and 5Ac. We validated that the unAc
and 5Ac 15N, 13C−CON assignments were transferrable to the
V21C mutant and demonstrated complete MTSSL labeling
efficiency of both samples by MALDI-MS (Figure S4A). The
intensity of each resonance in the paramagnetic and
diamagnetic spectra for unAc and 5Ac were then evaluated
and compared (Figure S4B). When signal is lower in the
paramagnetic sample than in the corresponding diamagnetic
sample, this is attributed to line broadening due to magnet-
ization transfer between the detected nuclei and the para-
magnetic spin label, the magnitude of which increases as a
function of proximity.
In the unAc experiments, there is a concerted decrease in the

intensity ratio for residues 17, 18, 20, 23, and 24 as well as
signal disappearance of 19, 21, and 22 in the paramagnetic
spectrum (Figure 4B). This can be attributed to these amino
acids’ closeness in sequence to the probe location at position
21. In the 5Ac experiments, residues 17, 19, 20, 21, and 22
disappear from the paramagnetic spectrum and the intensity
ratio for 16, 18, 23, and 24 is decreased (Figure 4B). This
indicates that the basic patch is more compact in the 5Ac
sample. Additionally, many resonances N-terminal to the basic
patch show slightly increased relaxation enhancement in the
5Ac sample (Figure 4C).

Note that the differential intensity ratio for G2 was excluded
from Figure 4C, as its irregular line shape in the 5Ac spectra
likely led to inaccurate integration. The resonances for R3, K5,
K8 and K12 are not well enough resolved in these spectra to
enable accurate quantitation, so the displayed intensity ratio
and differential intensity ratio for these residues only represent
their bulk properties (Figure S4C). Together, these computa-
tional and experimental data support the idea that acetylation
increases tertiary contacts between sequentially distant amino
acids.
3.5. Acetylation Minimally Alters Sampled Secondary

Structure Elements. Acetylation-dependent nucleation of
secondary structure could contribute to peptide compaction in
addition to the tertiary contacts described above. Backbone
and side chain chemical shift information can be used to
predict secondary structure content in IDRs by referencing
databases populated with chemical shift information from
known disordered and structured protein regions. The
chemical shift information arising from a nuclear correlation
for a specific amino acid will differ in a predictable way
depending on whether the amino acid is positioned in an
unstructured region or a region with propensity for secondary
structure. Considering the available chemical shift information,
we were able to apply Δ2D to predict secondary structure in
unAc and 5Ac (Figure S5A).56 Note that Δ2D does not
provide quantitative error estimates associated with the

Figure 4. H4 tail acetylation increases intramolecular contacts. (A)
Intramolecular contact map differences for 3Ac and 5Ac MD
simulations compared to unAc. Color gradient values refer to the
change in the fraction of simulation time each residue pair spent in
contact, with positive values indicating increased contact. (B) PRE
histograms of signal intensity ratios between paramagnetic and
diamagnetic samples for unAc and 5Ac NMR samples. Asterisks mark
resonances for which the reported intensity ratios are indistinguish-
able due to degenerate resonance positions. (C) Difference between
the intensity ratios reported in panel B for unAc compared to 5Ac,
positive values indicate increased proximity to the probe in the 5Ac
NMR sample.
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predicted secondary structure propensity, but predictions for
all residues were marked as reliable. This method did not
predict differential sampling of secondary structure elements
between unAc and 5Ac ensembles, and both ensembles were
primarily random coil (Figure 5A). This means that if
secondary structure elements are formed, their population is
negligible such that the contribution to average chemical shift
values is not distinguishable.
Accordingly, our MD simulations predict that the unacety-

lated and acetylated ensembles are primarily composed of
random coil conformers, but the acetylated ensembles show
marginal increases in propensity toward formation of α helix
and β sheet secondary structure elements (Figures 5B and
S5B). This result is consistent with the chemical shift-based
predictions, which return primarily random coil assignment
and show no meaningful difference between unAc and 5Ac
fractions (Figures 5A and S5A). Examination of Dictionary of
Secondary Structure of Proteins (DSSP) plots reveals that
parallel β sheets are a persistent feature of the 5Ac ensemble as
they are briefly sampled many times throughout the simulation
(Figure 5C). This structural element is consistent with the
PRE, where N-terminal residues are closer to the basic patch
on average in the 5Ac sample. In contrast, the α helix is
sampled infrequently and for a longer duration- suggesting that
this conformer may be artificially trapped at a local minimum

(Figure 5C). This isolated α helix is composed of amino acids
16-19, which have frequently been predicted to form more
persistent helices (on the order of 20−80% content) in prior
H4 tail simulations (Figure S5B).31,32 Comparatively, our
simulations report low secondary structure populations (with
more emphasis on β sheet than α helix character) that strongly
agree with our experimental observations. Together with the
PRE, these data support that 5Ac uniquely favors wrapped and
β-strand-like conformations where the N-terminus transiently
contacts the basic patch.
3.6. Protonation State of H18 Depends on the

Acetylation State and Influences Ensemble Character-
istics. The H4 tail basic patch contains four positively charged
amino acid side chains surrounding H18 (KRHRK), two of
which are neutralized following uniform H4Kac. We reasoned
that the high positive charge density in unAc may cause the
proton on the d-nitrogen of H18 to be more acidic compared
to 5Ac so that H18 is more protonated in 5Ac. This could
contribute to the significant CSPs in the 5Ac basic patch, as
crosstalk between acetylation and histidine protonation would
amplify the difference in chemical environment.
To determine whether the pKa of H18 differs between unAc

and 5Ac, we performed NMR based pKa titrations across a pH
range of 4.5−8.5. We collected a 15N, 13C−CON spectrum for
each ∼0.25 pH increment in this range (Figure 6A). These

Figure 5. Unacetylated and acetylated H4 tail ensembles are primarily disordered. (A) Average secondary structure fractions predicted by Δ2D
based on unAc and 5Ac chemical shift information. (B) Mean fraction of total residues involved in the formation of various secondary structure
elements calculated over three independent MD simulations for unAc, 3Ac, and 5Ac. Error bars denote standard error of the mean. (C) Secondary
structure variation as a function of time in representative unAc (top) and 5Ac (bottom) simulations.
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data enabled us to fit CSP as a function of pH and estimate
side chain pKa (Figure S6A). Three groups of CSPs were
observed that are attributable to titration of the N-terminal
amine (reported by CSP of residues 2-4), titration of the C-
terminal carboxylic acid (reported by CSP of residues 25 and
26), and titration of the H18 side chain (reported by CSP of
residues 18-21). The apparent pKa of H18 in the unAc context
is 6.45, and 6.60 in 5Ac context (Figure 6B). Considering
residues 19, 20, and 21 as additional reporters of the same pKa,
the average shift is +0.1 upon acetylation, so H18 is slightly less
acidic in the 5Ac sample (Figure S6A).
Considering this, we revisited the MD simulations which

had previously defined H18 as deprotonated in all cases (as
would primarily be expected at biological pH). Intriguingly,
protonation of H18 changes many previously established
characteristics of the 5Ac ensemble; the average Rg increases
from 13.10 to 14.31, the Rg probability distribution shifts to a
more uniform shape, the low population secondary structure
features are diminished, and the intramolecular contacts

between the N-terminus and the basic patch are mitigated
(Figures 6C,D and S6A, S6B). Thus, the ensemble features
that result from 5Ac are partially mitigated by the
corresponding increase in H18 pKa. This may also provide a
conformational buffering mechanism, where the collapsed
conformations favored by the 5Ac ensemble are buffered by
the shifted pKa. This exposes an additional degree of
complexity in the 5Ac ensemble behavior, as acetylated tails
with a protonated H18 side chain can access more open
conformations than those with the deprotonated side chain.
Furthermore, analysis of solvent-accessible surface area
(SASA) showed that H18 and other basic patch residues
maintain more accessibility when H18 is protonated (Figures
6E and S6D). This is also true for several N-terminal residues,
which further demonstrates that changes to basic patch
chemistry translate to the N-terminus, potentially through
the tertiary contacts established between the N-terminus and
basic patch when the basic patch is acetylated.

Figure 6. H4 tail acetylation changes the pKa of H18, which in turn further informs ensemble characteristics. (A) 15N, 13C−CON spectra of unAc
(left) and 5Ac (right) pH titrations. NMR experiments were performed in 50 mM K2HPO4, 150 mM KCl, with variable pH throughout the
titration. (B) CSP vs pH fits for H18 in the unAc and 5Ac context. (C) Proton adjusted Rg probability distributions from MD simulations with
average Rg values indicated. Errors of the Rg distributions are estimated using block averages with five blocks. (D) Mean fractions of total residues
involved in the formation of various secondary structure elements calculated over three independent MD simulations for unAc, 5Ac, and
protonated H18 of 5Ac. Error bars denote standard error of the mean. (E) Per residue difference in SASA from MD simulations, comparing the
H18 protonated and deprotonated states. Errors represent the standard error of the mean calculated over three independent MD simulations.
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4. CONCLUSIONS
Elucidating structure−function paradigms within IDRs has
historically been challenging due to methodological limita-
tions; the same is true for studying the biophysical implications
of PTMs. Here, we demonstrate rigorous implementation of
biophysical and computational methods to investigate how
specific ensemble features of an IDR change when it is
acetylated. We applied SAXS to investigate bulk ensemble
properties and 13C direct-detect NMR to deconvolute spectral
information for the disordered and repetitive histone H4-tail,
enabling residue specific mapping of changes in the chemical
environment, intramolecular contacts, and secondary structure
propensity that arise when the tail is acetylated. Orthogonal to
these powerful experimental techniques, we performed MD
simulations with force field parameters optimized for
disordered and acetylated systems which corroborated our
experimental findings and elaborated on key molecular details.
These details enable us to present a biophysical model for how
acetylation state defines important ensemble features of the H4
tail.
Progressive acetylation of the H4 tail leads to increased

compaction, with mild CSPs presenting in residues 2-13 when
K5, K8, and K12 are acetylated compared to more pronounced
CSPs in residues 16-21 when K16 and K20 are additionally
acetylated. MD provided insight that intramolecular contacts
are favored between N-terminal residues and the basic patch
when the tail is acetylated at all five lysine residues compared
to just three, so acetylation of K16 and K20 specifically
promote folding of the tail back on itself, reminiscent of a β-
strand conformation. PRE experiments support this model,
though chemical shift and DSSP based structure predictions
agree that the population of strict β sheet elements is
diminutive even in the 5Ac ensemble such that the compact
conformers remain loose and labile. Beyond acetylation at K16
and K20, we found that presentation of the 5Ac-specific
ensemble features depends on the protonation state of H18,
such that key features are ablated if H18 is protonated.
Interestingly, the pKa of H18 shifts higher when the H4-tail is
acetylated, so the presence of H18 in the center of the basic
patch may present a conformational buffer against entrapment
in collapsed conformations, which is supported by the increase
in solvent-accessible surface area when H18 is protonated. This
provides an elegant example of the chemical complexity that
can define ensemble behavior in post-translationally modified
IDRs where the interplay between a modification and sequence
context can have unexpected outcomes.
While these experiments were performed on the H4 tail in

isolation from the nucleosome context, these findings have
interesting implications for chromatin structure if the
principles translate. In particular, the compact conformations
favored by the 5Ac ensemble could underly established
observations that H4KAc abrogates assembly of chromatin
arrays into higher order structures- the acetylated tail may not
readily establish assembly mediating interactions with adjacent
nucleosomes due to electrostatics, distance constraints, or
competitive intramolecular interactions. Thus, the biophysical
characteristics described here may provide the molecular
details that link H4Kac with regulation of chromatin
architecture and enrichment in open chromatin regions.
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