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ABSTRACT: Electrostatics play a dominant role in guiding many
biological processes. This is especially the case in the context of
chromatin, where charge interactions modulate diverse activities
such as DNA repair, transcription, replication, condensation, and
phase separation. Using NMR experiments quantifying solvent
paramagnetic relaxation enhancements of backbone amide and side
chain methyl protons in the presence of paramagnetic cosolutes and
focusing on the nucleosome core particle (NCP), we report near
surface electrostatic potentials of tail residues of each of the four
histone components of the NCP. These are all negative, despite
sequences comprising a high density of positively charged amino
acids, emphasizing the strong contribution of the negatively charged
DNA with which the tails interact. Changes in electrostatic
potentials of as much as 60 mV between isolated histone tails and tails in the context of the NCP are calculated. Notably, the
tail potentials can vary significantly from each other, with enrichment in glycine residues correlating with less negative values,
highlighting differences in the interactions with DNA.

■ INTRODUCTION
Intrinsically disordered regions (IDRs) of proteins and protein
complexes play critical roles in driving biomolecular function.1

This is particularly the case in the context of chromatin, made
up of basic building blocks called nucleosome core particles
(NCPs), with each NCP comprised of two copies each of four
histones, H2A, H2B, H3, and H4.2,3 Canonical histones share a
common structural organization, with unstructured N-terminal
regions of between approximately 10 (H2A) to 35 residues
(H3), as well as a small IDR at the C-terminus of H2A, and
structured domains forming the core of the octamer around
which 147 base pairs of DNA are wrapped,2 Figure 1a. As
might be expected, the negatively charged DNA and the
positively charged histone components of NCPs give rise to a
highly charged structure.4 For example, each NCP has a net
charge of approximately −150e (+144e from the 8 histones
and −294e due to the 147 base pairs of DNA for the system
under study here, where e is the elementary charge equal to 1.6
× 10−19 C), and ion counting experiments have shown that the
electric fields associated with the NCP are stronger than the
equivalent naked linear DNA molecule due to the cylindrical
shape of the particle,4 containing approximately 1.7 turns of
left-handed super helical DNA.
The high charge density of the NCP particle, and by

extension of chromatin, challenges the packaging of the
approximately 2 m of human DNA into a nucleus of diameter
5−10 μm.5 An advantage, however, is that the charge can be
exploited by the cell to regulate both chromatin structure and

function,6,7 with post-translational modifications to the lysine-
and arginine-rich histone tails playing a prominent role in this
regard. An example is provided by acetylation which
neutralizes the otherwise positively charged lysine tail residues8

or by poly-ADP ribosylation of serine residues on H2B and H3
tails,9−12 both of which signal sites of DNA damage and
disrupt interactions between the affected tails and DNA,
decreasing DNA packing and increasing accessibility to effector
proteins.13,14

Despite the importance of histone tails in regulating both
DNA packing and interactions with other proteins that control
DNA damage repair, replication, and transcription, and the
role(s) that tail charges and post-translational modifications
play in these processes,15 experimental measures of histone tail
electrostatics are notably lacking. One of the limiting factors
reflects the intrinsically disordered nature of the tails, which
complicates structural studies via X-ray crystallography and
cryo-electron microscopy. Indeed, chain density is lacking for
most of the tail residues in X-ray or cryo-EM derived models,
challenging the calculation of tail electrostatic potentials using
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Poisson−Boltzmann methods, as this approach requires
structures of the molecule of interest.16 In contrast, solution
NMR is ideally suited to study the dynamic histone tails, as
motion averages out spin interactions that would otherwise
result in broad and low intensity peaks in the spectra. As a
result, a significant number of NMR studies have focused on
the dynamics of NCP tails either without or with modifications
using straightforward 1H−15N correlation spectroscopy,17−28
and detailed, atomic resolution descriptions of motion over a
wide time-scale window are now available.17−19,21,23,27−29

Insights into the important roles of electrostatics in
biomolecular function have been obtained through NMR
measurements of pKa values of pH titratable moieties, and
numerous studies along these lines have been performed.30,31

This includes recent work in which residue-specific pKa values
for Glu, Asp, and His side chains comprising the acidic patch
of an isolated H2A−H2B histone dimer construct were
measured at physiological pH.32 Important advances in
biomolecular NMR methods using paramagnetic relaxation
enhancement (PRE) cosolutes, most notably by Iwahara and
co-workers,33,34 and Okuno and Clore,35,36 have led to the
establishment of a robust experimental approach for the
measurement of per-residue near surface electrostatic poten-
tials, ϕENS, for biological molecules.37,38 Experiments quantify
solvent PREs (sPREs) of 1H spins of the macromolecule of
interest through measurements using at least a pair of
paramagnetic cosolutes having similar structures but different
charges. The sPREs so obtained can then be used to directly
calculate ϕENS values (see below). Applications involving either
proteins or nucleic acids, or in some cases both, have
appeared.33,36,39−43 Notably, this methodology is equally
applicable to folded and unfolded biomolecules, and structures
(folded) or structural ensembles (unfolded) are not required,
in contrast to calculations of electrostatic potentials using

Poisson−Boltzmann based programs such as APBS44,45 or
DelPhi.46,47 Thus, the NMR experiments are particularly
powerful for obtaining per-residue measures of ϕENS values of
IDRs, such as the 103 residue C-terminal region of the RNA
binding stress-granule protein CAPRIN1,48,49 whose electro-
static potentials were measured during its phase separation
trajectory.41,50 Building on this work, we report here ϕENS
values of histone tail residues of the 200 kDa NCP, based on
sPRE measurements of both backbone amide and Ile (δ1),
Leu, and Val side chain methyl group protons. Notably, even
though the net charge of each tail in isolation is positive, we
find that in the context of the NCP, their per-residue ϕENS
values are all negative, with the N-terminal H2A (H2A-N) and
H4 tails having distinctly less negative electrostatic potentials
than the other tails. Our study provides a picture of histone
tail-DNA interactions and structural dynamics and suggests an
important role for glycine residues in modulating tail
electrostatics.

■ METHODS
Histone/601 DNA Expression, Purification, and Formation

of the NCPs. A detailed description has been given previously.17,51

NMR Spectroscopy. The NCP solution was split to form three
samples: (1) the diamagnetic reference sample that does not contain
cosolute, (2) a Gd+ sample, containing Gd-tetraazacyclododecane-
bisacetate-bisacetamide (Gd-DOTAM-BA; Macrocyclics, Inc.) cages
at a concentration of approximately 0.1 mM, and (3) a Gd− sample,
with Gd-tetraazacyclododecane-tetraacetate (Gd-DOTA; Macrocy-
clics, Inc.) cages at a concentration of approximately 2 mM. D2O was
added to each NCP sample to a final concentration of 5%. After initial
measurements were performed (i.e., at the indicated cosolute
concentrations), increasing amounts of cosolutes were added to
reach final concentrations of 0.2 and 0.3 mM for Gd-DOTAM-BA,
and 4 and 6 mM for Gd-DOTA so that further experiments could be
carried out. We have found that accurate amounts of cosolute could
be added using a procedure by which 2−6 μL of a stock solution of

Figure 1. Structures of the molecules used in this study. (a) Views of the Xenopus laevis NCP wrapped with human α-satellite DNA (PDB 1KX5),77
with each histone color-coded, as indicated, and the exit point of each tail shown with an arrow. Histone H2A tails are indicated as H2A-N (N-
terminal tail) and H2A-C (C-terminal tail); all other tails are N-terminal. Each histone is present in two copies (for example, H2B, 1 and H2B, 2).
The NCP used in this study is structurally very similar to the one in the figure; however, the histones are from Drosophila melanogaster and the
DNA is the Widom 601 sequence.66 The Xenopus laevis NCP is highlighted, as more of the tail sequences are shown in this structure. (b) Cosolutes
used to measure sPRE rates. The negative cosolute is a complex of gadolinium with a DOTA cage (bottom), while the positive cosolute (top)
involves a variant of DOTA where two opposite carboxyl groups are replaced by amide moieties.
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the appropriate compound was transferred to a clean Eppendorf tube,
forming a drop in the tube that is held together by surface tension and
subsequently transferring this drop into an NMR shigemi tube
containing the NCP sample using a glass pipet. The accuracy of this
transfer method was verified by measuring water T1 sPREs (detailed
below).
NMR experiments were performed either on a 11.7 T (500 MHz

1H frequency) Bruker AVANCE III HD spectrometer (measurement
of water T1 values) equipped with a liquid nitrogen-cooled z pulsed-
field gradient triple-resonance probe or on a 23.5 T (1 GHz 1H
frequency) Bruker AVANCE NEO spectrometer equipped with a
cryogenically cooled x,y,z pulsed-field gradient triple-resonance probe
(measurement of NCP sPREs). All spectra were processed using
NMRPipe52 and visualized in Sparky.53

Water 1H R1 rates (for estimation of cosolute concentrations, see
“Determination of Cosolute Concentrations”, below) were measured
at 11.7 T, 25 °C, using a saturation-recovery scheme (relaxation
recovery for a duration t), as described previously.41 The intensity of
the water signal, I(t), was extracted by sum integration of the
recorded 1D data sets and the water relaxation rate (and thermal
equilibrium intensity Ieq) obtained by fitting the evolution of the
intensity to the relation, I(t) = Ieq(1 − e−R1t), where R1 = 1/T1.
Amide proton R2 relaxation rates were measured at 23.5 T, 37 °C,

using a gradient enhanced [1H−15N]-HSQC pulse scheme with a 1H
spin−echo variable delay (−τ−selective 180°−τ−) inserted immedi-
ately prior to acquisition.54 In applications involving protonated
samples, homonuclear J-coupled evolution involving 1HN and
aliphatic proton spins is refocused using a 2 ms selective REBURP
1H 180° pulse55 (centered at 8.7 ppm, refocusing bandwidth of ±0.8
ppm at 1 GHz) applied in the center of the 1H spin−echo. As the
sample used in this study is perdeuterated this is not a concern here,
however, the amide selective REBURP pulse ensures that the water
signal is not perturbed, an important consideration for obtaining high
quality data. A pair of composite (90x240y90x)

56 15N pulses was
inserted at τ/2 in each half of the spin−echo to refocus 1H−15N
dipole/1H−CSA cross-correlated spin relaxation during the echo
element, as described previously.54 The following relaxation delays
were used: 2.5, 5, 7, 10, 15, 20, 25, and 30 ms. Methyl 1H transverse
sPREs were quantified (37 °C) by measuring the decay of the slow
component of proton magnetization using an HMQC-derived pulse
scheme described previously57 except that composite (90x240y90x)
13C pulses replaced the pair of 180° pulses to refocus 1H−13C
dipole/1H−CSA cross-correlated spin relaxation during the echo. A
WATERGATE block58 was inserted as the refocusing pulse in the
middle of the 1H spin−echo to dephase the water signal. The
following relaxation delays were used: 10, 30, 50, 70, 90, and 110 ms.
Intensities were extracted from all relaxation data sets using the

Peakipy software package (https://j-brady.github.io/peakipy/), and
relaxation rates (and initial intensities, I0) were obtained by fitting the
time-evolution of the intensity to the exponential decay function

=I t I( ) e R t
0

2 , where t is the relaxation delay. Errors in the extracted
relaxation rates were estimated as the standard deviation in R2 from
100 bootstrap cycles.59

Determination of Cosolute Concentrations. Accurate values
of near-surface electrostatic potentials require that measured sPRE
rates be normalized to the concentrations of the cosolutes used in the
experiments.60 To obtain accurate concentrations of the Gd-based
cosolutes, we used the Evans method, which takes advantage of the
difference in magnetic susceptibilities between a sample with and
without gadolinium.61,62 Starting from stock solutions of Gd-
DOTAM-BA (14.68 mM) and Gd-DOTA (114 mM), we prepared
two reference samples (with desired concentration values of 0.1 and 2
mM for the Gd+ and Gd− compounds, respectively; no NCP), exactly
as we would prepare NCP samples, except that the solution of NCP
that would be added was replaced with NMR buffer and, similarly, the
D2O that would have been added to the NCP sample for lock was
substituted by a solution of 20 mM 2,2-dimethyl-2-sulfonate (DSS).
Note that the same pipettes were used for reference and NCP
samples. An additional sample containing 1 mM DSS in an NMR
buffer with 5% D2O (no cosolute added) was placed in a 3 mm NMR
tube; all other samples were in 5 mm NMR tubes. The gadolinium
concentration in the two reference samples was obtained by placing
the inset tube (3 mm) into the 5 mm tube and measuring the
chemical shift difference of the DSS between the inner and outer
tubes from which [Gd] is calculated according to60

[ ] = × × ×TGd 3.05 10 5 (1)

where T is the absolute temperature (298.15 K) and Δ is the chemical
shift difference (ppm). A pair of duplicate samples for each cosolute
was prepared to measure the concentrations of gadolinium in the
reference samples, assumed to be equal to the concentrations in the
NCP samples. Values of 0.11 mM for Gd-DOTAM-BA and 1.95 mM
for Gd-DOTA were obtained, within a few percent of the expected
concentrations; in the text, we refer to the concentrations as 0.1 and 2
mM, for simplicity. Table 1 below details the pipetted volumes and
compositions of each sample.
In order to carry out measurements at higher concentrations of

cosolutes, and starting from the initial NCP samples with 0.1 and 2
mM of the Gd-compounds, the appropriate aliquots of the stock Gd
solutions were added (see “NMR Spectroscopy” above). To establish
the new concentrations of cosolutes, the water longitudinal sPRE
rates, Γ1, were measured at 11.7 T, making use of the linear
relationship between the sPRE and the concentration of paramagnetic
compound

= ×c c( )1 (2)

where α is a constant and c is the cosolute concentration. Thus, the
concentration of cosolute in any sample can be determined by

=c
c1

o

1
o (3)

where Γ1o is the water sPRE rate for a cosolute concentration of co (in
this case the initial cosolute concentrations of 0.11 and 1.95 mM for
the + and − charged compounds, respectively). The extracted PRE
rates for a given concentration of cosolute, c, are normalized by
dividing by c before calculating ϕENS, as discussed below. Errors in

Table 1a

NCP, dia NCP, Gd+ NCP, Gd− Ref, Gd+ Ref, Gd−

NCP (135 μM) 207 207 207 - -
NMR buffer 125.5 123.1 119.4 207 + 123.1 207 + 119.4
Gd cage - 2.38 6.14 2.38 6.14
D2O (pure) 17.5 17.5 17.5 - -
DSS (20 mM) - - - 17.5 17.5

aVolumes used to prepare samples are indicated in 1 μL units. Stock concentrations are indicated for the NCP and DSS, both dissolved in NMR
buffer, while the stock concentrations of the Gd-DOTAM-BA and Gd-DOTA cosolutes were 14.68 and 114 mM, respectively. Ref, Gd± refers to
the reference samples “mimicking” the NCP samples where the 207 μL of NCP was replaced by 207 μL of buffer. Note that the NMR buffer was
pipetted twice (once with 207 μL and then with the indicated amount, for example, 123.1 or 119.4 μL) to closely mimic the preparation of the
NCP samples. The samples indicated in the panel were generated in 5 mm NMR tubes; additional solutions for 3 mm inserts, used for the Evans
method, were prepared as described above; only in the 3 mm inserts was D2O added.
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ϕENS are obtained by propagating errors in measured PRE rates with
residues with errors higher than 3 mV discarded.

Calculation of ϕPB. Near surface electrostatic potentials were
computed (ϕPB) for isolated histone tails generated with extended
conformations using the APBS program.44,45 As the potentials of the
isolated tails are to be compared with the corresponding tails in the
context of the NCP, it is important that terminal charge that would be
present in the isolated tails, but not in the NCP, be eliminated. To
this end, the structures of the isolated tails were built in PyMOL,63

with five extra glycine residues added to their C-termini (or to the N-
terminus of the C-terminal H2A tail, H2A-C) to remove the effect of
the terminal carboxyl group (or amino group for H2A-C). APBS was
run after converting the pdb format into the pqr format to produce
the desired Poisson−Boltzmann (PB) potentials, ϕPB, using a setup
given in Supporting Information

=
= =

k T
r r

2e
ln( e / e )

i

N

i i
k T

i

N

i i
k T

PB
B

1

6 e /

1

6 e /i iB B

(4)

In eq 4, kB is Boltzmann’s constant, T is the absolute temperature, e
is the elementary charge, ϕi is the potential calculated from APBS at
grid point i, ri is the distance between grid point i and the 1H nucleus
in question, and ρi is set to 1 or 0 depending on whether the grid
point is accessible (1) to the cosolute or not (0); further details are
provided elsewhere.60

■ RESULTS
Measurement of ϕENS Values in Highly Charged

Systems. As discussed in detail previously, ϕENS values are
calculated from site-specific sPRE rates measured using
structurally similar cosolutes that differ in charge33,37,38

= k T
q q( )e

ln
i j

i

j
ENS

B 2,

2,

i
k
jjjjjj

y
{
zzzzzz (5)

In eq 5, qi and qj are the net charges of the two cosolutes (in
the case here where +1 and −1 charged cosolutes are used,
Figure 1b, qi = q+ = 1, qj = q− = −1), kB is Boltzmann’s
constant, T is the absolute temperature, and Γ2,i = Γ2,+ and Γ2,j
= Γ2,− are the measured sPRE values, calculated as the
difference in 1H transverse relaxation rates, R2, in the presence
and absence of cosolute (i.e., Γ2,k = R2(qk) − R2(no cosolute)),
and normalized for the differences in concentration between
positive and negative cosolutes (see Methods). Measurements
of ϕENS values for histone tails of the NCP are challenged by
the high negative charge of the nucleosome so that Γ2,− values
tend to be small. In the case where positive and negative
PROXYL or TEMPO cosolute pairs are used to obtain ϕENS, as
is often done,33−36,38,40−43,50 this difficulty is exacerbated by
the fact that these compounds have only a single unpaired
electron (S = 1/2, where S is the electron spin quantum

Figure 2. Measurement of sPRE rates of tail amide and methyl probes in NCP samples. (a) [1H−15N]-HSQC spectrum of a [2H−15N]-ILV NCP
sample recorded at 1 GHz, 37 °C. Each peak is color-coded to indicate the histone from which it originates, using the same color-coding as in
Figure 1a. Note that the high molecular weight of the NCP (200 kDa) leads to broadening of the core peaks such that only the tail residues are
visible. Partially overlapping peaks derived from different histones are colored with multiple colors. Crowded regions of the spectrum are shown in
insets 1 and 2; the symbol “?” indicates an unassigned peak. (b) Representative relaxation decays of amide or methyl 1H magnetization for three
histone tail residues, color coded according to whether the sample is diamagnetic (green, no cosolute) or includes Gd+ (shades of red) or Gd−

(shades of blue) cosolutes of various concentrations. Fits of the decays to exponential decay functions are shown with the solid lines. (c,d)
Correlation of NCP sPRE rates normalized by the water longitudinal sPRE rate (referred to as α in the text) for different concentrations of Gd+ (c)
and Gd− (d) compounds.
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number) and hence only a limited sPRE effect. Iwahara and co-
workers have recently suggested using Gd-based cosolutes
(Figure 1b), for which all seven Gd 4f electrons are unpaired
(S = 7/2).60 This gives rise to much larger sPREs at a fixed
concentration of cosolute, with increased relaxivities over the
corresponding nitroxide compounds by as much as 20−30
fold. In the NCP studies reported here, the use of the Gd-
compounds is critical. It is noteworthy that we have used the
Gd+/Gd− pair of cosolutes, even though the NCP is highly
negatively charged. Although it might appear that the neutral

cosolute would be more effective than the negatively charged
compound, we have experienced difficulties obtaining robust
measures of ϕENS when one cosolute of the pair is neutral and
prefer, therefore, to use the ± pair of compounds for which
there is extensive validation in the literature60,64 (see, for
example, Figure S7D−F of Yu et al.60 highlighting some of the
issues with neutral cosolutes).

ϕENS Values of NCP Tail Residues. In some of our
previous NCP studies, we had prepared a series of samples
where one of each of the four histone-types was labeled with

Figure 3. ϕENS values for amide and methyl 1H probes in histone tails for each histone, calculated using sPRE rates measured with different pairs of
cosolute concentrations (eq [5]): 0.1 mM (Gd+) and 2 mM (Gd−), 0.2 mM (Gd+) and 4 mM (Gd−), and 0.3 mM (Gd+) and 6 mM (Gd−).
Potentials obtained from relaxation measurements of methyl 1Hs are shown with crosses. Only average ϕENS values are shown for isopropyl methyl
groups, with variations of less than 1 mV for the (δ1, δ2) pairs of L10 of H4, and 5 mV for L20 of H3. The amino acid sequence of each tail is
indicated in the appropriate panel (top), with basic amino acids (K and R) shown in red and acidic amino acids (D and E) in blue, along with +
and − to indicate the charge of each terminus. Note that the sequences listed can differ very slightly from the canonical Uniport sequences (Figure
S4, Table S1) due to cloning artifacts or from the addition of an N-terminal Ile to improve expression. Tail boundaries are defined on the basis of
whether backbone amides can be observed in [1H−15N]-HSQC spectra. The N-terminal residue for each of the (H2A-N, H3, and H4) tails (Met)
or H2B tail (Gly) is not listed as crosspeaks from it are not observed in NMR spectra. In the case of H2B, a GM initial sequence is present. Charge
and fractional Gly content in the text are calculated with all terminal residues included. Probes from residues whose ϕENS value could not be
measured in amide spectra are denoted with circles (placed immediately underneath the one-letter code): unassigned (empty), overlapped (black
and gray), or large error in the potentials (i.e., higher than 3 mV, circled line). Residues whose crosspeaks are overlapped only in amide spectra of
the fully labeled [2H−15N]-ILV NCP, but not in amide spectra of NCPs, where histones are labeled individually are denoted with the gray circles.
All tail methyl correlations are resolved in [1H−13C]-spectra. The dashed gray line connects the average potential of each residue for visual clarity.
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NMR active spins, while the remaining histones were
perdeuterated (i.e., NMR silent).17,18 However, at least a pair
of samples of a given type is required for each ϕENS
measurement (positive and negative cosolute; relaxation data
can be recorded on the diamagnetic sample prior to the
addition of the cosolute), necessitating the preparation of eight
samples in the present case. We decided, therefore, to generate
NCP samples where all four histones were 2H, 15N, and 13CH3
labeled at Ile (δ1), Leu, and Val methyl positions (only one of
the isopropyl methyl groups of Leu and Val was labeled, in a
nonstereospecific manner,65 referred to as [2H−15N]-ILV
labeling in the text that follows). Figure 2a shows the
[1H−15N]-HSQC spectrum of an NCP sample prepared with
histones from Drosophila melanogaster wrapped with the
Widom 601 DNA sequence,66 with each peak color-coded to
delineate from which histone it derives, using the conventional
coloring scheme for histones,2 as in Figure 1a. Because of the
size of the NCP (200 kDa), only 1H−15N correlations from tail
residues are observed in NMR spectra, with the core of the
pa r t i c l e amenab le to s tudy v i a methy l g roup
probes17,18,22,24,51,67,68 that benefit from a methyl-TROSY
effect.69 Although a factor of 4 in measurement time is saved
by acquiring data on all histones simultaneously, a potential
drawback arises from the overlap of peaks derived from the
different histones. This problem can be mitigated to a certain
extent by using highly deuterated samples, ensuring that line
widths of crosspeaks in 1H−15N correlation maps are
minimized, thereby improving resolution. Deuteration also
allows ϕENS values of tail residues close to the structured NCP
regions to be quantified by decreasing relaxation losses that
would otherwise be severely limiting in the context of
protonated samples. Our study further benefits from measure-
ments at a static magnetic field of 23.5 T, corresponding to a
1H resonance frequency of 1 GHz. The net result is that three,
five, and seven amides are not available for analysis in the N-
terminal H2A tail, the H2B tail, and the H3 tail, respectively,
which could otherwise be quantified using separately labeled
samples, a modest price to pay for savings in both
measurement time and sample costs. In total, 3/10, 6/6, 17/
25, 22/34, 9/17 of the NMR observable amides in H2A-N,
H2A-C, H2B, H3, H4 tails were analyzed in the present study.
Electrostatic potentials for all ILV methyl groups were
obtained; however, there are few such residues in the tails,
and the present work, therefore, focuses primarily on amide
backbone protons for estimating ϕENS values.
Figure 2b illustrates the intensity profile decays as a function

of relaxation time for several probes from different histones. In
addition to the “diamagnetic” relaxation data (green; in this
case measured in the absence of cosolute), profiles with both
positive and negative charged cosolutes were recorded at
different concentrations, Figure 2b. It is notable that the
relative effects of the different cosolutes and their concen-
trations on decay curves can vary from site to site. For example,
while the diamagnetic rate profiles decay most slowly for all
four probes highlighted, as expected, for E120 and A29 of H2A
and H3, respectively, the 0.3 mM Gd+ cosolute results in the
fastest decay (dark red profiles). In contrast, for both the
amide and δ2-methyl probes of L10 from H4, the sPRE rates
are larger for the 6 mM Gd− cosolute than for the Gd+
compound at 0.3 mM (faster decay rates). Even without
further analyses, these results suggest that the electrostatic
potentials for the different tails are distinct with a smaller

negative potential for the H4 tail in relation to the C-terminal
tail of H2A and the tail of H3.
In any sPRE study, there is always the possibility of

unwanted binding of the cosolute to pockets in the
biomolecule of interest, leading to elevated sPRE rates and
erroneous interpretation of the data. This might particularly be
the case in studies of highly charged molecules, such as the
NCP, where it is easy to envision that the Gd+ compound
could bind preferentially to specific regions of the DNA. With
Γ2,i values available for many sites, determined using different
cosolute concentrations, it is now possible to evaluate whether
some of the PRE rates reflect, at least partially, untoward
binding of cosolutes. Figure 2c shows linear correlation plots of
Γ2,i rates measured at different cosolute concentrations and
normalized against longitudinal PRE rates measured for water
in the NCP sample, α = (NCP)

(H O)
2

1 2
(i.e., effectively normalized for

concentration of cosolute). As α values are expected to be
independent of the cosolute concentration in the absence of
binding, a y = x linear correlation of α ratios at different
concentrations provides strong evidence that site-specific
interactions, if present at all, are minimal. In contrast, if
specific binding occurs, then Γ2(NCP) values will increase
rapidly with cosolute concentration for those probes proximal
to the binding site until a ‘saturation’ point is reached and
subsequently increase more gradually. Thus, the resulting α
values will decrease with increasing cosolute concentration.
Our concentration-dependent relaxation data, showing good
agreement between α values recorded at different cosolute
concentrations (Figure 2c), are consistent, therefore, with an
absence of specific cosolute�NCP interactions. This is further
substantiated by comparing 1H−15N spectra recorded with and
without cosolutes. The lack of chemical shift perturbations in
such a comparison indicates that specific binding to the NCP
does not occur, as observed in Figure S1, where spectra
recorded for ± Gd-DOTAM-BA at a concentration of 0.3 mM
(highest concentration of positive cosolute used in this study)
are overlaid. Note, as described above, the concentrations of
Gd-based cosolutes are significantly less than the amounts of
PROXYL-derivatives needed to achieve the same level of
sPREs,60 minimizing the likelihood of binding in the first place.
Figure 3 plots ϕENS values as a function of tail residue for

each histone, recorded on NCP samples at concentrations of
approximately 80 μM and 20 mM phosphate buffer, pH 6.0,
and 310 K, and calculated using eq 5. In cases where amide-
based data are not available for a non-Pro residue, the small
circles placed directly underneath the sequence highlight the
reason (see “H4 panel” for explanation; all correlations derived
from ILV methyl groups can be analyzed). To establish the
robustness of the potentials, where possible, we have calculated
ϕENS from different combinations of cosolutes. The excellent
agreement between ϕENS values calculated from measurements
at the lowest (0.1 mM Gd+, 2 mM Gd−), intermediate (0.2
mM Gd+, 4 mM Gd−), and highest (0.3 mM Gd+, 6 mM Gd−)
cosolute concentrations further establishes that binding of the
compounds to the NCP is not a significant factor.

■ DISCUSSION
The intrinsically disordered tails of the histone components of
chromatin play pivotal roles in a plethora of molecular
recognition processes involving a variety of different
chromatin-binding proteins,7,8,15 in regulating both compac-
tion and stabilization of chromatin15,70,71,77 and in driving its
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phase separation propensities.72,73 Charge interactions make
key contributions to these processes, and quantification of
histone tail electrostatic potentials is therefore of importance.
Here, we have used a recently developed NMR-based
approach for measurement of near surface electrostatic
potentials at atomic resolution, whereby paramagnetic
cosolutes are added to a solution of the biomolecule of
interest to enhance 1H transverse spin relaxation rates in a
manner that depends on the biomolecule’s charge.33 Exploiting
the high relaxivities of the Gd-based cosolutes depicted in
Figure 1b in relation to their nitroxide counterparts, we have
performed experiments measuring sPREs of histone tail
backbone amide and side chain methyl protons in a 200 kDa
NCP complex, from which per-residue ϕENS values were
obtained.
Our focus here has been on the NCP tail residues

exclusively. As these are surface exposed, the cosolutes can
closely approach the amide or methyl probes of interest so that
the interpretation of sPRE measurements in terms of near
surface electrostatic potentials is straightforward. Although it
would be possible to similarly measure sPRE values for the
methyl probes in the core of the NCP, their interpretation, in
terms of surface potentials, is more complex. As the cosolutes
cannot penetrate the core, they will be at significantly further
distances from most methyl probes than the corresponding tail
backbone amides. Thus, a sPRE value will not report on the
potential at the core methyl site per se but rather provide an
average over a range of positions on the surface of the
cylindrical nucleosome structure that bring the cosolute as
close as possible to the methyl in question. We are currently
exploring the information content in these sorts of measure-
ments.
A strong motivation for this study was to establish whether

the Lys- and Arg-rich histone tails that are positively charged in
the absence of DNA retain their positive potential in the
context of the NCP, or whether the effective tail charges are
inverted by the negatively charged DNA in the nucleosome
particle. Figure 3 shows that all per-residue ϕENS tail values are
negative, clearly establishing the influence of the DNA. To put
these values into context, we have carried out a Poisson−
Boltzmann calculation of ϕENS for each residue of the isolated
tails (i.e., no NCP) in an extended conformation, using the
same salt concentrations as in the NMR measurements on the
NCP. Average values (±1 standard deviation) of 23 ± 4 mV, 7
± 2 mV, 22 ± 5 mV, 24 ± 6 mV, and 21 ± 3 mV were
obtained for H2A N- and C-tails, H2B, H3, and H4,
respectively (Figure S2). Thus, decreases in ϕENS values of
between −40 and −60 mV occur in the context of the NCP
relative to the isolated tails, highlighting the large effect of the
DNA on tail electrostatics.
It is well-known that ϕENS values can be highly sensitive to

salt concentration, as ions in solution screen electrostatic
interactions. For example, in our previous studies of a 103
residue positively charged fragment of CAPRIN1 (pI = 11.5,
net charge of +13e at physiological pH), ϕENS values decreased
by approximately 10 mV when the NaCl concentration in the
buffer was raised from 0 to 50 mM.50 As it is expected that
similar changes in potentials could be observed for the highly
charged NCP with salt content, it is important that salt
concentrations be constant over all solutions used for the
electrostatic measurements described here, recognizing that
the amount of salt will vary with concentrations of both added
cosolute and biomolecule. Proton pulse widths are sensitive to

the ionic strength of the NMR sample and can thus be used to
estimate the “effective salt concentrations” in our samples. To
this end, we have prepared a calibration curve whereby the 1H
90° pulse width was quantified in 20 mM phosphate buffer
solutions, used in the present study, with different added
concentrations of NaCl (23.5 T). From the calibrated pulse
width in the sample of interest, an effective NaCl salt
concentration can thus be obtained (Figure S3), corresponding
to the additional amount of salt that results from adding NCP
and associated ions to buffer to generate the NMR sample. On
this basis, we obtain effective salt concentrations of
approximately 11.2 11.6, and 15.3 mM in the diamagnetic,
Gd+ (0.2 mM), and Gd− (4 mM) samples, respectively. In
contrast, in ϕENS tail measurements using nitroxide spin labels,
the required concentrations of cosolutes are larger, and so are
the effective salt concentrations in samples, especially since
solubilization of the nitroxide compounds requires significant
pH adjustments.33 As excess negatively charged nitroxide
cosolute is needed for the measurement of sufficiently large
sPREs for the NCP, relative to the positive cosolute, a
discrepancy in the salt concentration between samples can be
obtained. This imbalance not only modulates electrostatic
potentials in a cosolute-dependent manner but can also lead to
different tail/DNA interactions, complicating the calculation of
robust ϕENS values from relaxation measurements. Notably, the
NCP samples evaluated here have similar effective salt
concentrations, avoiding the issues associated with the
translation of sPREs to electrostatic potentials.
Figure 3 shows that although the tail potentials are all

negative, there are clear distinctions between them. Based on
their average ϕENS values, the tails can be divided into two
groups, corresponding to low (∼−20 mV) and high (∼−45
mV) negative potentials, comprising (H2A-N, H4) and (H2A-
C, H2B, H3), respectively. We wondered whether the
grouping might reflect differences in the number of charged
residues in the tails or their charge densities, with more
positive charge attenuating the measured surface potentials
(i.e., less negative ϕENS values). Notably, H2B and H3 tails are
the most positively charged (+9e and +12e, respectively), yet
these tails are highly negative in potential. Further, the charge
densities for (H2A-N, H4) and for (H2A-C, H2B, H3), in
units of e/residue, are (+5/11, +6/18) and (+1/6, +9/28,
+12/37), respectively, taking into account the +1e charge on
the terminal amino group (H2A-N, H2B, H3, and H4) and a
−1e charge on the carboxy end (H2A-C), where the
numerator lists the net positive charge, and the denominator
is the number of amino acids for a given tail. All charge
densities are between 0.17 and 0.45e/residue, and there is no
clear trend linking increased positive charge density with less
negative ϕENS. Differences in potentials must reflect the
interplay between the positively charged tails and the
negatively charged DNA, with variations in propensities to
interact with nucleosomal DNA being critical. In this regard,
our data suggest that H2A-C, H2B, and H3 tails form more
DNA contacts than do H2A-N and H4. Indeed, extensive
molecular dynamics (MD) simulations, covering many tens of
microseconds, of NCPs comprised of Xenopus laevis histones
wrapped with human α-satellite DNA establish that H3 tails
have the longest DNA residence time followed by those from
H2B,74 consistent with expectations from our electrostatics
measurements, with more negative ϕENS values reflecting, at
least in part, more extensive contacts with DNA. However,
predictions based on MD simulations do not always agree with
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expectations based on experiment. For example, in the same
study the H2A-C tails were observed to have the shortest DNA
residence time in the simulations, despite the very negative
ϕENS values that we have measured. Discrepancies between
simulation and experiment may reflect, in this case, differences
in both DNA (147 base pair Widom-601 DNA66 and 187 base-
pair α-satellite DNA used for NMR and MD, respectively) and
H2A-C histone (KTEKKA for D. melanogaster and
KTESSKSKSK for X. laevis) sequences, the fact that different
parameters are compared (ϕENS vs contact lifetimes), and,
most significantly, the imperfections in force fields that are
used in simulations.
Notably, the two tail sequences for which low ϕENS values

(in absolute value) were measured have a high proportion of
Gly residues�(4/11, 8/18) for H2A-N and H4 vs (0/6, 3/28,
4/37) for H2A-C, H2B and H3. It is of interest to note that
the relative proportions of Gly residues in histone tails are very
similar across many different species, from ciliates (Para-
mecium caudatum) to reptiles (Alligator sinensis), plants
(Arabidopsis thaliana), D. melanogaster, X. laevis, and Homo
sapiens, Figure S4. As the innate conformational flexibility of
disordered polypeptide chains would be expected to increase
with Gly content,75 a larger entropic penalty might be accrued
by restricting the conformations of Gly-enriched tails through
formation of extensive contacts with nucleosomal DNA,
relative to tails with fewer Gly residues. This would result in
fewer interactions between Gly-rich tails and DNA, leading to
less negative ϕENS values. In this context, it is interesting to
note that 15N spin relaxation measurements of per-residue tail
backbone dynamics establish that the H3 tail is more
motionally restricted on a ps−ns time scale than H4, with
H2B slightly less restricted than H3 but more so than H4.17

Although there is no absolute correlation between decreased
tail dynamics and more negative potentials, the qualitative
relationships identified here do suggest that increased
interactions with DNA, leading to decreased motion, influence
ϕENS values. The large potentials observed for the H2B and H3
tails may also reflect the fact that they exit the nucleosome
through DNA gyres, unlike the other tails (Figure 1a), which
could help position them to form more extensive DNA
interactions. In particular, the lower propensities for the H4
tails to form DNA contacts could be important for favoring
their interactions with acidic patches of neighboring NCPs in
chromatin and, thus, in promoting DNA packing.76

In order to establish how electrostatic potentials of histone
tails might vary for different species, we have examined a series
of tail sequences, as indicated in Figure S4 and Table S1,
quantifying both the charge and the fractional Gly content of
each. Except for H2A-C for which the charge densities vary
considerably, the remaining tails have similar charge densities
and Gly contents between species, in particular H3 and H4
that are almost completely conserved. Thus, many of the tails
are expected to have similar ϕENS values to those we have
measured for the D. melanogaster histones, at least in the
context of the highly positioning Widom 601 DNA sequence.66

In addition to providing an exciting avenue to explore the
role of electrostatics in chromatin structural dynamics and
function, measurement of near surface electrostatic potentials
offers an opportunity for obtaining more accurate ensembles of
histone tails in NCPs than can be generated through
traditional structural studies and, more generally, more
representative ensembles of IDRs in other systems. This can
be achieved by carrying out MD simulations with ϕENS values

as input restraints, much like how nuclear Overhauser effects,
scalar and dipolar couplings, and chemical shifts are used in
NMR-based analyses currently. We are pursuing this strategy
along with quantifying how post-translational modifications
modify such ensembles.
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