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Abstract

Linker histone H1 (H1) is an abundant chromatin-binding protein that acts as

an epigenetic regulator binding to nucleosomes and altering chromatin struc-

tures and dynamics. Nonetheless, the mechanistic details of its function

remain poorly understood. Recent work suggest that the number and position

of charged side chains on the globular domain (GD) of H1 influence chromatin

structure and hence gene repression. Here, we solved the solution structure of

the unbound GD of human H1.0, revealing that the structure is almost

completely unperturbed by complex formation, except for a loop connecting

two antiparallel β-strands. We further quantified the role of the many positive

charges of the GD for its structure and conformational stability through the

analysis of 11 charge variants. We find that modulating the number of charges

has little effect on the structure, but the stability is affected, resulting in a dif-

ference in melting temperature of 26 K between GD of net charge +5 versus

+13. This result suggests that the large number of positive charges on H1-GDs

have evolved for function rather than structure and high stability. The stabili-

zation of the GD upon binding to DNA can thus be expected to have a pro-

nounced electrostatic component, a contribution that is amenable to

modulation by posttranslational modifications, especially acetylation and

phosphorylation.
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1 | INTRODUCTION

Chromatin is the higher-order structure responsible for
protecting and condensing the eukaryotic genome in the
nucleus. It is composed of repeating units called chro-
matosomes, made up of nucleosome cores, DNA and

linker histone H1 (H1) (or H5 in birds) (Figure 1a). The
nucleosome core particle consists of ~147 bp of DNA
winding in a left-handed manner around an assembly of
eight core histone proteins (two copies of H2A, H2B, H3,
and H4 each).2 The resulting ~200 kDa disk-shaped
assembly has a twofold symmetry axis referred to as the
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nucleosome dyad passing through the central DNA base
pair3–5 (Figure 1a). H1 compacts the nucleosomes by
associating with the two linker DNA segments, as well as

by binding to the DNA that crosses the dyad
(Figure 1a).5–7 In doing so, it impacts many cellular
functions,3,8 for example, it acts as a repressor of

FIGURE 1 Binding modes and primary structures of H1-GDs. (a) Sketches of bound H1-GD (blue), the core histone oligomer (green)

and DNA (purple), and their assembly to form a nucleosome or a chromatosome. The GD is folded into the classical “winged” helix-turn-
helix DNA binding motif with two antiparallel β-strands, β1 and β2, in the C-terminus, connected by a loop (the β-hairpin). The dyad axis is

oriented along the center of the nucleosome and through the central basepair of the DNA. The on-dyad and off-dyad binding modes of the

GD are sketched on the right. (b) IDDomainSpotter1 profiles of human linker histone H1.0. Profiles display scores for +(Ser, Thr, Ala)

(orange), +(Pro) (yellow), +(Arg, Lys) (blue), +(Arg, Lys)-(Asp, Glu) calculated over a 15-residue window. (c) Sequences of the seven

somatic isoforms of human H1-GD. The predicted pIs of the various isoforms are between 10.2 and 10.3 (not shown). (d) Sequences of

H1-GD (H5 from G. gallus) from different species. “A. Missis.” is abbreviation for “Aligator mississippiensis.” Asp and Glu are highlighted

with red shading, Lys and Arg with blue shading, and His with purple shading
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transcription and controls gene expression by modulating
access to promotor or enhancer sequences.8–10

Several tissue-specific isoforms of H1 exist. In mam-
mals, seven somatic isoforms (designated H1.0–H1.5 and
H1.10 [or H1x]), three male germ-line-specific isoforms
(H1.6, H1.7, and H1.9) and an oocyte-specific isoform
(H1.8) have been identified.11 H1.0 can be considered the
major isoform, being expressed independently of the cell
cycle and accumulating in terminally differentiated cells,
where it has been suggested to replace somatic
isoforms.12 H1.0 is a highly basic protein, which in
humans has a net charge of +53. It is composed of 29%
Lys, while Ala and Ser combined account for 25% of the
residues, highlighting a low-complexity composition
(Figure 1b). It has a tripartite structure consisting of a
small, folded domain (called the globular domain [GD])
embedded in a disordered chain making up an N- and C-
tail. Human H1.0 consists of 194 residues, of which the
disordered N-tail takes up ~23 residues, the disordered C-
tail ~97 residues, and the GD ~74 residues. The high posi-
tive net charge is distributed throughout the primary
structure but with higher density in the C-tail
(Figure 1b). All H1 isoforms are highly basic, but the tri-
partite structure is only conserved in the somatic
isoforms, with the GD lacking in the germ-line isoforms.
The primary structure of the GD is highly conserved in
isoforms H1.1–1.5, whereas it differs slightly in H1.0 and
H1.10, in particular for residues with charged side chains
(Figure 1c). This is especially noteworthy when consider-
ing that the primary structure of the GD is highly con-
served across species (Figure 1d), while the primary
structure of the N- and C-tails is less conserved among
the H1 isoforms, as well as across species.

Knowledge about the roles of H1 in regulating the
structure and function of chromatin is limited compared
to the core histones.3,13 The GD is considered the region
of H1 primarily responsible for binding to DNA on the
nucleosome and has two suggested main binding
modes,14 referred to as “on-dyad” and “off-dyad” binding
(Figure 1a). The role of the disordered C-tail has been
more challenging to pinpoint; however, the C-tail has
been known to increase the affinity for, and residence
time on, DNA,7,15–17 and it affects the assembly of
higher-order chromatin structures and controls the open-
ness of the linker DNA.3,18,19 According to a recent
model, the C-tail remains fully disordered in H1 bound
to the nucleosome and makes extensive interactions with
the linker DNA.19 The biological role and native occur-
rence of the off-dyad binding mode remain debated. Sev-
eral X-ray and cryo-EM as well as integrative structures
are available of H1.0-GDs from different species in com-
plex with nucleosomes, which have shown both on- and
off-dyad binding modes and different GD

orientations.14,18,20–26 Öztürk et al. have recently
suggested that the different structures can be reconciled
by considering the chromatosome as a dynamic ensemble
of structures rather than a single conformation, but the
study also raises the possibility of differences in experi-
mental conditions.27 However, it is especially noteworthy
that all structures solved with full-length H1 only show
the on-dyad binding mode, while the off-dyad binding
mode has been found only for GDs without their disor-
dered tails.13 For isolated GD, previous studies have
suggested that the cause of the different binding modes
on the nucleosome of chicken H5 (replaces H1 in certain
cell types), binding on-dyad, and Drosophila H1, binding
off-dyad, is the difference in the positions of just five
charged side chains between the two GDs.14 However,
the very recent high-resolution cryo-EM structures of
chromatosomes containing full-length human H1.0, H1.4
or H1.10 (2.8–3.1 Å), with slightly different GD primary
structures (Figure 1c), all revealed on-dyad binding, but
with small differences in the orientations of the GD in
the chromatosomes.18 These differences were ascribed to
subtle variations in the interactions of the isoforms with
DNA resulting from the small differences in the position
of charged side chains.18 This is consistent with studies
showing that the small differences between H1 isoforms
result in different levels of condensation of the nucleo-
some in vitro as well as in their affinity for chromatin
in vivo.28,29 As a result, the different H1 isoforms have
differential effects on gene expression.30 Hence, accumu-
lating evidence suggests that the number and position of
positively charged side chains affect chromatosome struc-
ture, but that the off-dyad binding mode may not be sam-
pled when the disordered tails are present.

In the winged helix-turn-helix structure of the GD
(Figure 1a), the main on-dyad interactions occur through
the N-terminal residues of α-helix 2 and the loop of the
β-hairpin (dyad interface), while α-helix 3 and the loop
between α-helices 1 and 2 contact the linker strands.13,18

Although NMR assignments and secondary structures of
the unbound GD of chicken H1 have been published,31

the only 3D structure available of an unbound GD is that
of H5 from chicken erythrocytes. Its NMR structure was
determined in 1987, but it is unavailable in the PDB,32

and it is similar to the crystal structure of H5, which was
later determined to 2.5 Å resolution in 1993 (without the
disordered tails).33 Two subunits were found in the asym-
metric unit, differing in the structure of the β-hairpin and
its orientation with respect to α-helix 3, leading to the
definition of an “open” and a “closed” state of the GD. In
the open state, the β-hairpin is extended, while in the
closed state it bends toward α-helix 3 and forms hydro-
phobic contacts. In silico studies have found that the
closed state is prevalent for the unbound GD in
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solution.34,35 Further, molecular dynamics simulations
have suggested that the GD and the bound linker DNA
strands are dynamic in the chromatosome.18,19,27,34–36

This is supported by experimental observations from fluo-
rescent recovery after photobleaching (FRAP) experi-
ments showing shorter residence times of H1 compared
to core histones,15 and the lower local resolutions of
H1-GDs compared to core histones in density maps.18

Collectively, the recent progress in understanding the
structure and dynamics of H1 in chromatosomes suggests
that the position of charged side chains on the GD influ-
ence chromatin structure and gene repression. Nonethe-
less, the structure and dynamics of the human H1-GD in
its unbound form remain to be elucidated, as well as the
effect of the disordered tails on structure and stability. In
the present work, we find that the disordered tails do not
markedly eaffect structure or stability of the unbound GD
of human linker histone H1.0 (hH1.0GD). We determine
the solution NMR structure of unbound hH1.0GD and
find that the β-hairpin is the only part of the GD under-
going substantial changes in backbone conformation
upon complex formation with DNA, changing from a
flexible, open conformation, to a restricted, closed confor-
mation. Furthermore, we address the role of its high net
charge for structure and stability using circular dichroism
(CD) and NMR spectroscopy. We find that while modu-
lating the number of charges of hH1.0GD has little effect
on the structure, it affects the stability with a difference
in melting temperature of 26 K between hH1.0GD of net
charge +5 versus +13. The high number of positive char-
ges renders the GD marginally stable in its unbound
state. The stabilization of the GD upon binding to DNA is
thus expected to have a pronounced electrostatic compo-
nent, a contribution that is amenable to modulation by
posttranslational modifications, especially acetylation
and phosphorylation, which can be important for the reg-
ulation of chromatin.

2 | RESULTS

2.1 | The hH1.0GD structure and stability
are unaffected by the disordered tails

The function and native conformation of protein
domains are often effected by their full-chain
context,37–39 and accumulating evidence suggests that the
binding mode of the GD in the nucleosome is influenced
by its disordered tails. Hence, we initially investigated
whether the structure and thermodynamic properties of
the unbound GD were affected by removal of the disor-
dered tails. Based on sequence analysis, residues D24–
K97 from human H1.0 were previously identified to

comprise hH1.0GD (Figure 2a).40 To assess whether the
structure and thermodynamic properties of the isolated
GD were preserved, thermal denaturation of full-length
H1.0 and hH1.0GD was monitored by CD spectroscopy
(Figure 2b). A small increase in melting temperature
(Tm) of hH1.0GD from 320.1 ± 0.1 K for H1.0 to 321.8
± 0.1 K for hH1.0GD, with little difference in ΔH(Tm)
(184 kJ/mol for H1.0 and 187 kJ/mol for hH1.0GD),
suggested that the stability of hH1.0GD without the disor-
dered tails was not substantially perturbed. This is consis-
tent with the expected high degree of repulsion between
the domains caused by their shared high net positive
charge. In support of this observation, most hH1.0GD
peaks in the 1H,15N-heteronuclear single quantum coher-
ence (HSQC) NMR spectra overlap fully with the
corresponding peaks originating from full-length H1.0
(Figure 2c, gray and blue, respectively). Hence, the struc-
ture and stability of the unbound GD are largely unaf-
fected by the presence of its disordered tails.

2.2 | Solution structure and dynamics of
hH1.0GD reveal an open loop conformation

The structure and dynamics of hH1.0GD in the unbound
state were investigated by NMR spectroscopy. The
hH1.0GD resonances were assigned at an ionic strength of
165 mM, pH 7.4, 10�C, using standard heteronuclear
NMR backbone experiments (Figure 2d). Manual assign-
ments resulted in 97.4% completeness for backbone reso-
nances and 91.4% for side chain proton resonances. The
secondary structure was evaluated by analyzing second-
ary chemical shifts (SCSs) of Cα calculated using publi-
shed random coil values41 (Figure 3a), amide
temperature coefficients (Figure 3b), amide hydrogen-to-
deuterium exchange protection factors (Figure 3c) and
backbone relaxation rates (Figure 3d,e). These data sug-
gest the presence of three fully formed α-helices: K27-E39
(α1), S46-Y58 (α2), and G61-T78 (α3). The three α-helices
are connected by loop 1 (K40-S45, L1) and loop
2 (K59-V60, L2), showing only marginally increased
dynamics on the pico- to nanosecond timescale compared
to the folded regions. In the C-terminal region, residues
L81–T84 and S92–R94 displayed SCSs indicative of short
β-strands or extended structure, connected by loop 4 (L4).
L4 consists of seven residues and represents the most
dynamic region of the protein on the pico- to nanosecond
timescale.

To describe the tertiary structure of the unbound
hH1.0GD, the solution structure was determined using
985 NMR-derived restraints, including 170 long-range
nuclear overhauser effects (NOEs) (Table 1). From the
final 200 water-refined structures, the 20 lowest energy
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structures without significant violations (Table 1) were
selected to represent the structure of unbound hH1.0GD
(Figure 4). As suggested by the backbone relaxation rates,
hetNOEs and SCSs, the hH1.0GD mainly consists of the
three α-helices α1–α3, which form the classical DNA-
binding winged-helix fold (histone fold). In the C-
terminal region, residues L81-T84 and S92-R94 form two
antiparallel β-strands, β1 and β2, connected by the flexi-
ble L4 (Figure 3d,e). This β-hairpin is found to be in the
“open” conformation, that is, without contacts to α3,
which is supported by the fast backbone dynamics of L4
(Figure 3d,e). The many positively charged side chains of

hH1.0GD are widely distributed on the protein surface
(Figures 4b,c and S1).

2.3 | The H1.0GD tertiary structure is
conserved across species and complexes

A search in the RCSB PDB depository revealed 10 publi-
shed structures containing sequences with more than
80% identity to hH1.0GD, either H1.0 from H. sapiens
(PDBs: 6n88, 6n89, 7k5x, 6la8, 6la9, 7dbp), X. laevis
(PDB: 5nl0) or H5 from G. gallus (PDBs: 4qlc, 5wcu, 1hst)

FIGURE 2 Comparison of the structure and stability of human H1.0 and hH1.0GD. (a) Domain arrangement of human H1.0, with the

primary structure of the hH1.0GD shown below. Note that a Gly remains at the N-terminal from TEV cleavage. (b) Thermal denaturation

followed by far-UV CD spectroscopy as changes in Θ222 nm as a function of temperature for full H1.0 (light blue) and hH1.0GD (blue). The

extracted Tm values are shown as inserts. (c) Overlay of 1H,15N-HSQC spectra of full H1.0 (light blue) and hH1.0GD (blue). (d) Assigned
1H,15N-HSQC spectrum of hH1.0GD, acquired at an ionic strength of 165 mM, pH 7.4, 10�C
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(Figure 5a,b) (data retrieved in 2021). These structures
were solved in complex with nucleosomes (PDBs: 7k5x,
6la8, 6la9, 7dbp, 5nl0, 4qlc, 5wcu) or with a protein part-
ner (PDBs: 6n88, 6n89), except for a single X-ray struc-
ture of the G. gallus H5-GD in its unbound state (PDB id
1hst). Complex formation with DNA or the protein part-
ner importin β (Impβ) occurs through an extended bind-
ing region, with the GD almost buried within the
partners (Figure 5c,d). In both cases, α2 and α3 have
many contacts to the partners, whereas α1 is mainly
solvent-exposed (Figure 5a,c,d). Superposition of the
unbound hH1.0GD structure (PDB: 6hq1) with these
10 structures revealed RMSDs of the Cα-atoms between

1.5 and 2.2 Å (Figure 5b). This result suggests that the
structure is highly conserved across species, as expected
from the high sequence conservation (Figure 1c). Fur-
ther, with the present structure of the unbound hH1.0GD,
it is now evident that complex formation with various
partners occurs without geometrical adaptation of most
of the backbone. Nonetheless, the unbound and bound
structures differ in one particular site: L4 of the β-hairpin.
Here, all the bound GDs (except PDB: 7db0, resolution
4.5 Å) are in the “closed” state, while the G. gallus
unbound H5-GD crystal structure show both closed and
open states, and the unbound hH1.0GD NMR structure in
solution presented here, only the open state (Figure 5e).

FIGURE 3 Secondary structure and dynamics of hH1.0GD. (a) C
α-derived secondary chemical shifts of hH1.0GD. (b) Amide temperature

coefficients derived from amide chemical shift changes as a function of temperature from 278 to 323 K. Values below the green line at

�4.6 ppb/K are generally considered to be indicative of hydrogen bonds.42 Purple stars highlight residues with nonlinear behavior.

(c) Amide H/D exchange protection factors. Light red stars indicate residues that exchange faster than the experiment dead time. (d)
Heteronuclear NOE values of hH1.0GD at 600 MHz. The orange line represents the average (0.73). (e) Ratios of transverse (R2) and

longitudinal (R1)
15N-relaxation rates of hH1.0GD at 600 MHz. Error bars are derived from the fits and the orange line represents the average

(5.7). Unless otherwise specified, data were acquired at an ionic strength of 165 mM, pH 7.4, 10�C. Gray shading highlight regions
populating secondary structures, and in a, b, d, and e, red stars indicate missing data points
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2.4 | Effect of positive charges on
structure and stability of histone GDs

As highlighted above, the primary, secondary, and ter-
tiary structures of H1-GD are highly conserved, both
across species and isoforms (Figures 1b,c and 5b). The
main difference in primary structure pertains to the
occurrence and position of residues with charged side
chains, suggesting these to be less important for the
structure, but potentially relevant for stability and/or
function. The charged side chains are well distributed in
the primary and the tertiary structure of hH1.0GD
(Figure 6a), with a net charge of �1 in α1, +3 in α2, +1
in α3, and positive charges in all loop regions. From pH
titrations of the hH1.0GD followed by 15N-1H-HSQC spec-
tra over the pH range 5.1–10.7, we found that the two his-
tidines, His25 and His57, have pKa values of 6.3 ± 0.3
and 7.5 ± 0.2 (Figure S2), suggesting at least His57 to
contribute to the overall positive charge of hH1.0GD at
physiological pH (pH 7.0–7.4).

To investigate the influence of the charged side chains
on the structure and stability of unbound hH1.0GD, we
designed, expressed and purified 11 charge variants of
hH1.0GD (Figure 6b). In these variants, we changed the
net charge from the WT value of +9 (disregarding the
partial charge from especially His57), to a value between
+5 and +13. This was done by combinations of
(a) replacing different Lys with Gln, (b) substituting dif-
ferent uncharged, solvent exposed residues with Lys, and
(c) replacing different Asp or Glu with Gln (Figure 6b).
Additionally, we produced a variant with His57 replaced
by Lys.

Using far-UV CD spectroscopy, the secondary struc-
ture content of the variants was evaluated. Except for the
most charged variant (12K1-DE; +13), which had less
helical structure at 283 K compared to the others due to
destabilization (see below), no substantial differences in
the helical content of the different variants compared to
WT was observed, suggesting that the structure remained

TABLE 1 NMR and refinement statistics for hH1-GD

structures

hH1-GD24–97

NMR distance and dihedral constraints

Distance constraints

Total NOE 702 (845)

Intraresidue 183

Interresidue 519

Sequential (ji – jj = 1) 191

Medium range (ji – jj < 4) 158

Long range (ji – jj > 5) 170

Intermolecular —

Hydrogen bond restraints 0

Dihedral angle restraints (φ/ψ) 70/70

Structure statistics

Violations (mean and SD)

Distance constraints (Å) 0.030 ± 0.002

Dihedral angle constraints (�) 0.68 ± 0.05

Max. Dihedral angle violation (�) 4.66

Max. Distance constraint violation (Å) 0.315

Deviations from idealized geometry

Bond lengths (Å) 0.006 ± 0.000

Bond angles (�) 0.781 ± 0.008

Impropers (�) 0.44 ± 0.01

Average pairwise r.m.s. deviationa (Å)

Heavy 0.81 ± 0.04b

Backbone 0.41 ± 0.09b

Ramachandran plot statistics (%)

Residues in most favored regions 93.2%

Residues in additionally allowed regions 6.8%

Residues in generously allowed regions 0%

Residues in disallowed regions 0%

aPairwise r.m.s. deviation was calculated among 20 refined structures.
bResidues 28–95.

FIGURE 4 Solution

structure of hH1.0GD.

(a) Ribbon structure of the

20 lowest energy structures of

hH1.0GD, having a backbone

RMSD of 0.41 Å. (b,c) Lowest

energy-structure of hH1.0GD
from two different angles, with

Lys and Arg highlighted in blue
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intact in all cases (Figure S3). The thermal stability of all
variants was subsequently quantified by following the
change in ellipticity at 222 nm over a temperature range
of 273–353 K (Figure S4), assuring reversibility of all vari-
ants. The resulting Tm values differed by up to 26 K, with
302 K for the least stable variant (12K1-DE) to 328 K for

the most stable (6K1) (Figure 6b). Plotting the Tm values
of the variants and WT versus their net charge revealed a
trend of higher net positive charge resulting in lower
thermal stability and vice versa (Figure 6c). This suggests
that the abundance of positively charged side chains on
the surface comes at the cost of stability. For all variants,

FIGURE 5 Legend on next page.
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excluding 12K1-DE, standard Gibbs free energies for fold-
ing of the variants relative to WT, ΔΔGN-D apparent (WT-

MUT), were estimated at 293 K based on the average
change in enthalpy, ΔHTm

average (Table S1; see Methods).
The estimated ΔΔGN-D apparent reflect the measured Tm

values (Figure S6, Table S1) and suggest that removal of
2–4 positive charges from the WT gives a stability reward
in the range of �1 to �3 kJ/mol, while addition of just
2 charges gives a penalty of 3–4 kJ/mol. To further sub-
stantiate the effect of electrostatic repulsion on GD stabil-
ity, we measured the Tm of WT hH1.0GD at different ionic
strengths (Is) (Figure S5). Increasing Is enhanced the
thermal stability of hH1.0GD with Tm increasing from
310K at 1mM to 325K at 300mM. The thermal stability
of hH1.0GD versus the square root of Is is linear
(Figure 6d), consistent with the Debye-Hückel-type
behavior reported previously for proteins with net
destabilizing electrostatic interactions.44 These observa-
tions are also consistent with the net electrostatic interac-
tions on the GD surface being repulsive. The change
relative to Is,165mM in standard Gibbs free energies for
folding of the WT changed from 5.8 ± 0.2 kJ/mol to �2.1
± 0.1 kJ/mol between 1mM and 300mM ionic strength
(Figure S7). Thus, in conclusion, changing the net charge
of hH1.0GD does not have a detectable effect on its struc-
ture, but it does affect the thermal stability considerably.

3 | DISCUSSION

Until now, the structure of the unbound GD of human
H1.0 has not been known, which has limited the mecha-
nistic understanding of the structural adaptation of the
GD upon engaging with nucleosomes. With the present
structure of unbound hH1.0GD, it is apparent that the
overall structure is unperturbed by complex formation

with nucleosomes, except for the β-hairpin. The two dif-
ferent conformations of the β-hairpin present in the crys-
tal structure of the unbound GD from avian H5 (1hst)33

were defined as either an “open” or a “closed” state with
respect to α3. In silico studies have suggested that the
closed state is the dominant conformation of unbound
GD in solution,34,35 but here we detected only the open
state. The closed state, on the other hand, is found in the
structures of GDs in complex with nucleosomes
(Figure 5) (except PDB: 7dbp), where L4 is in contact
with DNA and maximize contacts with the DNA back-
bone rather than the grooves. The closed conformation is
also found in the low-resolution structures of the com-
plex with the protein partner Impβ (PDBs: 6n88, 6n89).
As only a single Lys is present at the N-terminal of the
seven residues long L4 (Figure 5a), we do not expect the
sampling of the open and closed states to be influenced
substantially by changing surface electrostatics. In sum-
mary, our data suggest that upon complex formation, the
β-hairpin is the only part of the GD undergoing substan-
tial changes in backbone conformation, moving from a
flexible, open conformation to a restricted, closed
conformation.

The structure of the GDs is highly conserved across
species and isoforms, with the most pronounced differ-
ences in primary structure being the amount and posi-
tions of residues with charged side chains. In the present
work, we show that the addition or removal of positive
side chains in hH1.0GD do not alter the structure but
affect the conformational stability. Using 11 charge vari-
ants with net charges between +5 and +13, we found
that decreasing the positive net charge increased stability
and vice versa. The dependence on Is further supports the
conclusion that the relatively low stability of the hH1.0GD
WT is caused by destabilization by charge repulsion,
which was also found in studies of the yeast linker

FIGURE 5 Comparison of GD structures from species with >80% sequence identity to hH1.0GD and their complexes. (a) Alignment of

GD sequences (residues 24–97 of the human H1) from human, X. laevis and G. gallus by Clustal Omega, with sequence identity to hH1.0GD
shown to the right. The secondary structure elements of human hH1.0GD (PDB: 6hq1) are highlighted with blue boxes, orange boxes

highlight the region close to Impβ in the human H1.0-Imp7:Impβ complex (PDBs: 6n88, 6n89),43 and residues in contact with DNA in a GD–
chromatosome complex (PDB: 7k5x) are highlighted in purple.18 (b) Unbound hH1.0GD structure (PDB: 6hq1, blue) (top), superimposed

with complexed human GD structures (middle, gray) and unbound and complexed GD structures with sequence identity to hH1.0GD > 80%

(X. laevis- or G. gallus GD) (bottom, gray). The Cα RMSD to PDB: 6hq1 (residues 26–94 in human) of each structure is shown in parenthesis.

(c) Complex between human H1.0 and a chromatosome at 2.9 Å (PDB: 7k5x18), at two different angles, and with the GD structure

highlighted in the right panel. L4 is highlighted with yellow shading. (d) Human H1-Imp7:Impβ complex at 6.2 Å (PDB: 6n88,43 Imp7 not

shown for clarity), at two different angles, and with the GD structure highlighted in the right panel. The orientation of the GD in the right

panels of (c) and (d) is identical to the hH1.0GD structures in the gray box insert. (e) The “open” and “closed” states of the L4 of the
β-hairpin. From the left: 1) overlay of all the GD structures in open state (PDB: 6hq1; blue, PDB: 1hstA; grey, PDB: 7dbp; orange). 2) overlay

of all the bound GD structures (PDBs: 6n88, 6n89, 7k5x, 6la8, 6la9, 7dbp, 5 nl0, 4qlc, 5wcu) and PDB: 1hstB, which are all in the closed state

except PDB: 7dbp (highlighted in orange). 3 + 4) PDB: 7k5x from two angles as example of the closed state, with side chains of L4 and α3 in
proximity in the closed state shown as sticks and distances between selected residues in orange. 5) PDB: 6hq1 from the same angle as in 4),

highlighting the larger distance between corresponding selected residues of α3 and L4 in the open state
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histone Hho1p.45 Hence, our data indicate that the con-
servation of the Lys and Arg of GDs across species and
isoforms is likely of functional importance, rather than
important for structure. The high positive net charge of
hH1.0GD comes at the cost of stability, and the winged
helix-turn-helix fold is pushed to the limit of the amount
of charge it can carry. Additional positive charge required
for the high-affinity interaction with DNA is likely

achieved through the highly positively charged disor-
dered tails. Our CD spectroscopy data suggested that at
body temperature (37�C), ~8% of the H1 population will
have GD in an unfolded state (Figure 2b), and removing
two positive charges lowers the population of the
unfolded state to 2%–5% depending on the position. How-
ever, even substantial changes in the folding stability will
make no significant change in the effective concentration

FIGURE 6 Effect of charges on

hH1.0GD stability. (a) Overview of the

position of residues with charged side

chains in the primary and tertiary

structure of hH1.0GD. (b) Overview of

variants, their substitutions, net charge

and the measured Tms. (c) Tm plotted

against net charge of the variants.

(d) Thermal stability of WT hH1.0GD as

a function of the square root of the ionic

strength
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of the folded state and thus of the conformation that
binds DNA.46 Therefore, compared to the loss of charges,
the unfolded state likely plays a minor role in binding.

Besides having conserved positions to confer a certain
binding site geometry, the charged side chains may also
encode a specific degree of stability. Considering the elec-
trostatic nature of the GD–DNA interaction and the
destabilizing effect on the structure of the high charge
density, screening of the charges by binding to the highly
negatively charged DNA will likely add to the stabiliza-
tion of the complex. The stability of the hH1.0GD changed
by 8 kJ/mol from 0 to 300 mM Is just as the stability of
the GDII of yeast linker histone Hho1p increases in the
presence of tetrahedral anions.47 This screening effect
may be modulated by posttranslational modifications.
Although the functional relevance of posttranslational
modifications of H1.0 remains to be fully uncovered, it
includes regulation of chromatin condensation and tran-
scriptional regulation through altered interaction net-
works or/and increasing the dynamic exchange of H1 on
chromatin.48–50 Lysine acetylation is most common in
the H1 C-tail, but acetylation and phosphorylation are
also found in the GD, including, for example, lysine acet-
ylation of K85 and phosphorylation of S66 and T84.48,49,51

Such modifications, whose patterns depend on the cell
type, may weaken the interaction with DNA by removing
electrostatic repulsion in the unbound GD structure, and
hence decrease the stability of the complex.

4 | MATERIALS AND METHODS

4.1 | Expression and purification of
hH1.0GD and variants

GST-fused hH1.0GD was expressed and purified as previ-
ously described.40 For a small ubiquitin-like modifier
(SUMO) purification construct, DNA coding for the
sequence corresponding to residues D24–K97 from
human H1.0 was inserted into a modified pET24b vector,
which also codes for a hexahistidine SUMO-tag added to
the N-terminal of the proteins. Mutants were made using
the QuickChange kit from Agilent using primers pur-
chased form TAG Copenhagen. Expression in Escherichia
coli BL21-(DE3) (Biolabs) cells of the SUMO-tagged
hH1.0GD WT and variants were done in either Sigma
Aldrich high salt LB-broth medium, or M9 minimal
medium containing 15N-NH4Cl, or M9 minimal medium
containing 15N-NH4Cl and

13C6-glucose. Expression was
induced at OD600 0.5–0.8 with 0.1 mM IPTG and the cells
were grown for 4 hr at 37�C under shaking at 180 rpm.
Cells were harvested by centrifugation at 5,000g for
20 min and resuspended in Buffer A (50 mM Tris pH 8.0,

20 mM imidazole, 200 mM NaCl, 10% [v/v] glycerol) and
lysed through a cell disrupter (Constant Systems Ltd.).
The lysate was centrifuged at 20,000g for 45 min and the
supernatant passed over 5 ml Ni-NTA resin (Qiagen)
preequilibrated in buffer A and subsequently washed
with 50 ml Buffer B (50 mM Tris pH 8.0, 10 mM imidaz-
ole, 1 M NaCl, 10% [v/v] glycerol) and 50 ml Buffer
A. The proteins were eluted with Buffer A added 500 mM
imidazole and diluted to 100 mM imidazole with Buffer
A before adding 1 mM DTT and 0.1 mg His-tagged
ULP1-protease, purified as described in the literature52 to
cleave off the tag leaving no cloning artifacts. After cleav-
age, the mixtures were diluted 1:1 (v/v) with Buffer A
before passing it over the 5 ml of Ni-NTA resin to remove
uncleaved product. The collected flow-through was dia-
lyzed overnight against 50 mM Na2HPO4 pH 9 and was
purified on a HiTrap SP FF 5 ml column (Sigma Aldrich)
to remove DNA using a ÄKTA pure 25 chromatography
system (GE Healthcare). A gradient from 0% to 70%
50 mM Na2HPO4 pH 9, 1 M NaCl over 25 column vol-
umes was used. The fractions containing pure hH1.0GD
or variants were pooled and dialyzed into 1x TBS buffer
(10 mM Tris, 157 mM KCl, 0.1 mM EDTA, pH 7.4,
Is = 165 mM), subsequently flash frozen with liquid
nitrogen and stored at �20�C.

4.2 | Circular dichroism

Far-UV CD spectra were recorded using a Jasco-J-815
installed with a Peltier controlled cuvette holder. All
spectra were recorded at 10�C between 260 and 195 nm,
data pitch was 0.5 nm and a digital integration time of
2 s, path length of 0.1 cm and a scan speed of 50 nm/s,
accumulating 10 scans. Only measurements at an HT
below 700 V were included, and identical setting was
used to record a spectrum of the buffer, which was then
subtracted. The proteins were dissolved in TBS buffer,
pH 7 at RT at a concentration of 20 ± 0.5 μM. The ellip-
ticity was converted to mean residue weight ellipticity
using Equation (1).

θ½ �MRW ¼
MW
n�1ð Þ mdeg

10 cd
ð1Þ

where [θ]MRW is the mean residue weight ellipticity, c is
the concentration in g/L, n is the number of residues, d is
the path length in cm, and MW is the molecular
weight in Da.

To determine the thermal stability, melting experi-
ments were performed from 283 to 353 K in increments
of 1 K/min and monitoring the ellipticity change at
222 nm. Ellipticity was sampled every 0.1�C, and the
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sample was allowed to return to the start temperature
after which a spectrum was recorded for assessing revers-
ibility. The thermal melting curves were fitted to the fol-
lowing equation:

y¼
mNTþ yNð Þþ mDTþ yDð Þexp �ΔH 1� T

Tmð Þ
RT

� �

1þexp �ΔH 1� T
Tmð Þ

RT

� �

where y is the observed signal, yN and yD are the baseline
intercepts before and after transition, respectively, mN

and mD are the slopes of the baselines before and after
transition, respectively, ΔH is the van't Hoff enthalpy at
Tm, T is the temperature, Tm is the melting temperature,
and R is the gas constant. For calculation of the change
in stability ΔΔGN-Dapparent(WT-MUT), we made the assump-
tions that ΔCp is temperature independent and that the
changes in ΔCp are close to zero. We used the following
equation (based on the literature53) to calculate ΔΔGN-D

apparentK at 298K:

ΔΔGN�D apparent Tð Þ≈ �ΔHTm
average T

TWT
m TMut

m

� � ΔTm

where T is the temperature, ΔHTm
average is the average fold-

ing enthalpy at Tm of the included protein variants, TWT
m

and TMut
m are the melting temperatures of WT and protein

variant, respectively, and ΔTm is the difference in melting
temperature between the WT and the protein vari-
ant (ΔTm=Tmut

m �TWT
m ).

4.3 | NMR spectroscopy

Unless otherwise specified, all NMR samples contained
100–200 μM 15N-hH1.0GD or 925 μM 13C,15N-hH1.0GD in
TBS buffer (with an ionic strength of 165 mM adjusted
with KCl), pH 7.4 (at 283 K), 10% D2O (v/v), and 0.7 mM
4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS). Unless
otherwise specified, all NMR spectra were acquired at
283 K on Bruker AVANCE III 600-, 750-MHz (1H) spec-
trometers equipped with cryogenic probes or a Varian
800 MHz (1H) equipped with a room temperature probe.
Free induction decays were transformed and visualized
in NMRPipe54 or Topspin (Bruker Biospin) and analyzed
using the CcpNmr Analysis software.55 Proton chemical
shifts were referenced internally to DSS at 0.00 ppm, with
heteronuclei referenced by relative gyromagnetic ratios.

Assignments of backbone nuclei of hH1.0GD were per-
formed manually from the analysis of 15N-1H-HSQC,
HNCACB, HNCOCACB, HNCOCA, HNCO, HCCH-

TOCSY, and 15N-1H-TOCSY-HSQC spectra acquired with
nonuniform sampling56 using standard pulse sequences.
SCSs of hH1.0GD were calculated based on Cα shifts and
published random coil values.41 NOEs were picked from
aliphatic and aromatic 13C-NOESY-HSQC and 15N-
NOESY-HSQC spectra recorded with mixing times of
130, 130, and 130 ms, respectively.

Amide temperature coefficients were calculated by
fitting HN chemical shifts from a series of 15N-1H-HSQC
spectra of 15N-hH1.0GD at 278–323 K (steps of 5 K) versus
temperature to a linear model using the CcpNmr Analy-
sis software.55

To determine the pKa values of the histidines and
their surrounding residues, 15N-1H-HSQC spectra were
recorded of a pH titration with 130 μM 15N-hH1.0GD in
TBS buffer at pH 5.1, 6.1, 6.4, 6.6, 7.2, and 10.7. To calcu-
late the pKa values, the chemical shift differences from
shifting residues at each pH compared to their shift at
pH 5.1 were extracted and the data was normalized so
that all data points lie between 0 at lowest pH
(no protonation) and 1 at highest pH (full protonation)
using the following equation:

Normalized chemical shifts¼ Chemical shift at given pH
Chemical shifts at highest pH

The normalized chemical shifts were plotted against the
pH values and fitted with a modified Henderson–
Hasselbalch equation57 in GraphPad Prism to determine
the pKa.

For hydrogen-to-deuterium exchange experiments,
the sample was dialyzed in TBS buffer and the pH
adjusted to 7.4 at 278 K before freeze-drying. For NMR
analysis, the freeze-dried sample was dissolved in 350 μl
100% (v/v) D2O and loaded immediately into a precooled
NMR tube and the first HSQC was recorded at 278 K,
3 min after adding the sample to the tube. 15N-1H HSQC
spectra were recorded for 3 min each and a total of
50 time points recorded, finalizing recording after ~2.5 h.
From the assigned 15N-1H-HSQC spectrum of hH1.0GD,
peak heights were extracted, and the experimental rate
constants determined using CcpNMR analysis. Intrinsic
exchange rates were calculated using SPHERE https://
protocol.fccc.edu/research/labs/roder/sphere/.58

T1- and T2
15N-relaxation times of 15N-hH1.0GD were

determined from two series of 15N-1H-HSQC spectra with
varying relaxation delays recorded at 600 MHz (1H),
using 12 (20–1,200 ms) and 12 (16–256 ms) different
relaxation delays for T1 and T2, respectively, including
triplicate measurements. T1- and T2 relaxation experi-
ments were recorded with a recycle delay of 2.5 s. The
relaxation decays were fitted to single exponentials and
relaxation times determined using CcpNmr Analysis
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software.55 HetNOEs were measured on 15N-hH1.0GD at
600 MHz with saturation of 1H for 5 s and analyzed using
CcpNmr Analysis software.55

4.4 | Structure calculations

The backbone chemical shifts of hH1.0GD were submitted
to TALOS+59 to extract dihedral angle restraints. NOE
peaks were picked manually in the 1H, 15N-NOESY-
HSQC-, aliphatic- and aromatic 1H, 13C-NOESY-HSQC
spectra, and the peak list used for semi-automated NOE
assignment and structure calculation with CYANA (ver-
sion 3.97).60 Iteratively, the structures and assignments
were checked manually, modified if needed, and struc-
tures recalculated. The structures were further refined
with Xplor-NIH (version 2.44)61 using standard protocols
and the NOE- and TALOS restraints, and 200 structures
were calculated. The hH1.0GD structure was further
refined with the implicit water solvation potential EEFx
(Effective Energy Function for Xplor-NIH).62 The 20 low-
est energy structures without distance- and dihedral
angle violations above 0.5 Å and 5�, respectively, were
selected to represent the structure of hH1.0GD. The qual-
ity of the structures was evaluated with PROCHECK-
NMR, and structures were visualized in PyMOL
(Schrödinger).

4.5 | Data deposition

The chemical shifts of WT hH1.0GD have been deposited
in the NMR BioMagResBank accession number 34318
and the three-dimensional structure in the protein data
bank under the PDB accession code 6hq1.
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