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ABSTRACT Linker histone (LH) proteins play a key role in higher-order structuring of chromatin for the packing of DNA in eu-
karyotic cells and in the regulation of genomic function. The common fruit fly (Drosophila melanogaster) has a single somatic
isoform of the LH (H1). It is thus a useful model organism for investigating the effects of the LH on nucleosome compaction
and the structure of the chromatosome, the complex formed by binding of an LH to a nucleosome. The structural and mecha-
nistic details of how LH proteins bind to nucleosomes are debated. Here, we apply Brownian dynamics simulations to compare
the nucleosome binding of the globular domain of D. melanogaster H1 (gH1) and the corresponding chicken (Gallus gallus) LH
isoform, gH5, to identify residues in the LH that critically affect the structure of the chromatosome. Moreover, we investigate the
effects of posttranslational modifications on the gH1 binding mode. We find that certain single-point mutations and posttransla-
tional modifications of the LH proteins can significantly affect chromatosome structure. These findings indicate that even subtle
differences in LH sequence can significantly shift the chromatosome structural ensemble and thus have implications for chro-
matin structure and transcriptional regulation.
INTRODUCTION
Olins and Olins reported the first electron micrograph of
the beads-on-a-string structure of chromatin in 1974 (1).
Shortly afterwards, on the basis of biochemical and crys-
tallographic data, Kornberg formulated the nucleosome hy-
pothesis, namely, that in eukaryotes, chromatin consists
of repeating units of �200 bp DNA wrapped around
core histone oligomers connected to form a flexibly jointed
chain (2), and this was supported by further electron micro-
scopy evidence (3). Digestion of chromatin by a nonspecific
nuclease revealed subnucleosomal particles, chromato-
somes, connected by linker DNA (4). Each chromatosome
consists of a nucleosome core particle of 147 bp of nucleo-
somal DNA (N-DNA) coiled around a core histone octamer
extended by �20 bp of linker DNA (L-DNA) and bound by
one linker histone (LH). Thus, the chromatosome can be
considered as a fundamental unit of chromatin structure
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(5). Structurally, LHs are composed of �200 amino acid
(aa) residues and have three domains: an�40 aa unstructured
N-terminal tail, a conserved �80 aa globular domain (GD),
and an �100 aa disordered C-terminal tail. Because of the
flexibility of the N- and C-terminal tails, only the GD has
been crystallized and its structure determined by x-ray crys-
tallography (Gallus gallus gH5, Protein Data Bank (PDB):
1HST, 2.6 Å resolution) (6). Despite the recent determination
of the crystal structures of LH GD-nucleosome complexes
(PDB: 4QLC, 3.5 Å resolution (7); PDB: 5NL0, 5.4 Å reso-
lution (8)), the structural determinants of chromatosome for-
mation are still not well understood. In two studies by Zhou
et al. (7,9), the authors reported that theG. gallusLH isoform
(gH5) binds on-dyad to a nucleosome with a Widom 601
DNA sequence, whereas the Drosophila melanogaster LH
globular domain H1 (gH1) binds off-dyad to the same nucle-
osome. Interestingly, in a follow-up study, by using low-res-
olution spin-labeling experimental constraints, Zhou et al.
(10) suggested that the on-dyad binding mode of the
G. gallus gH5 to the nucleosome could be switched to an
off-dyad binding mode by introducing a pentamutation in
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theG. gallus gH5. These results suggest that it is important to
understand the sequence dependence of the structure of the
chromatosome, which can have different LH variants and
nucleosome sequence combinations.

Various experiments suggest specific effects of LH vari-
ants on DNA binding and chromatin condensation. Orrego
et al. reported up to 19-fold differences in affinity to chro-
matin for LH H1 variants (11), and Clausell et al. obtained
similar results from atomic force microscopy (12). Brown
and colleagues used mutagenesis and fluorescence recovery
after photobleaching to map the regions affecting chro-
matin-binding affinity in H1.1–H1.5 and to identify distinct
nucleosome binding surfaces in H1c and H1(0) (13,14). It
was also found that individual LH variants can trigger
apoptosis (15) and are differentially expressed during stem
cell differentiation, cell cycle progression, and proliferation
(16,17). The specificities and genomic distribution of LHvar-
iants was recently reviewed byKowalski and Palyga (18) and
Millán-Ariño et al. (19). These data suggest that LH variants
may have distinct functions because of different nucleosome
interaction and chromatin compaction mechanisms.

The first posttranslational modification (PTM) of an
LH was reported in 1972 (20). Since then, many studies
have shown that LHs can have methylation, acet-
ylation, ADPribosylation, ubiquitination, formylation, and
PARylation PTMs (21–32). Izzo and Schneider recently
extensively reviewed human and mouse H1 PTMs (33).
They reported that H1 phosphorylation can have opposing ef-
fects on chromatin condensation. Horn et al. suggested that
H1 phosphorylation may regulate ATP-dependent chromatin
remodeling enzymes and thus impact chromatin compaction
(34). Furthermore, high H1 phosphorylation levels are linked
with DNA repair (35), apoptosis (36), cellular aging (37), and
cancer events (38). H1 methylation is also associated with
heterochromatin organization (39) and cell-cycle-regulated
chromatin binding (26). However, although many sites of
variant specific PTMs have been characterized, the pheno-
typic impact of individual LH PTMs is often unknown (40).

A range of computational approaches has been used to
model and simulate LH-nucleosome complexes. Mesoscale
simulations have been applied to explore the influence of
LH concentration, conformation, and nucleosome interac-
tions on chromatin structure as well as the dependence of
FIGURE 1 Sequence alignment of the globular domains (GD) of the G. gall
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LH-chromatin interactions on salt concentration (41–45).
Most approaches to obtain atomic-detail structures of
LH-nucleosome complexes have employed computational
docking subject to experimental constraints (46–48). Most
recently, Zhou et al. (9,10) used HADDOCK (49) and
Bednar et al. (8) used Autodock Vina (50) to determine
structures of LH GD-nucleosome complexes based on
experimental constraints. We have previously shown that
Brownian dynamics (BD) rigid-body docking can be used
for electrostatically driven macromolecular docking to
generate diffusional encounter complexes (51,52) and could
be used without experimental constraints to generate struc-
tures of G. gallus gH5-nucleosome encounter complexes
that were consistent with the available experimental data
(53). We then performed atomic-detail molecular dynamics
(MD) simulations starting from the BD encounter com-
plexes, which, by taking LH GD and nucleosome flexibility
into account, revealed a binding mechanism involving
conformational selection and induced fit (54). In the bound
complex with an off-dyad position of G. gallus gH5, we
found that the gH5 b1-loop V78 makes hydrophobic con-
tacts with the DNA and stabilizes the complex (54). There
are exchanges of positive with hydrophobic residues at three
positions in the b1-loop of the LH between G. gallus
gH5 and D. melanogaster gH1 sequences (Figs. 1 and 2),
suggesting that mutants with single-point mutations on the
b1-loop could help to understand the determinants of chro-
matosome structure.

Although atomic-detail and coarse-grained MD simula-
tions have been applied to study the effects of PTMs of core
histone tails on protein binding (41,55), on nucleosome struc-
ture (56), and on internucleosome interactions (41), no such
studies have yet been reported for variants or PTMs of LHs.
In this study,we apply theBDdocking approach to investigate
the effects of sequence variation and PTMs on the binding
configurations of G. gallus gH5 and D. melanogaster gH1
to the nucleosome. The computational efficiency of the BD
approach allows us to consider a number of mutations and
PTMs. Moreover, docking is performed for different nucleo-
some conformations, allowing the relation between LH bind-
ing mode and nucleosome opening to be explored. The
disordered N- and C-terminal domains of the LH are not
included in the models, as it has been shown that they do
us H5, D. melanogaster H1, and X. laevis H1 isoforms. The three LH GD

wn above the alignment. Uniprot accession numbers are given at the begin-
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construct in our simulations for our reference WT D. melanogaster gH1. To
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FIGURE 2 Structures of the LH GDs studied.

(A) The G. gallus gH5 structure, showing the posi-

tions of the mutated residues V80, K82, K85, and

V87, is given. (B) The D. melanogaster gH1 struc-

ture, showing the positions of the mutated residues

K102, I104, K107, and K109, is given. (C) The

D. melanogaster gH1 structure in two orientations,

showing the sites of PTMs K72dimethylation,

S67phosphorylation, S66phosphorylation, and

K58dimethylation, is given. The LH GDs are shown

in cartoon representation and colored according to

secondary structure: a-helices in orange or pink,

b-sheets in green, and unstructured regions in

gray. Mutated side chains are shown in stick repre-

sentation with coloring by atom type. To see this

figure in color, go online.
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not affect the location of the GD LH on the nucleosome (7,8),
although the C-terminus affects the affinity (57).

We first validated our BD docking protocol by testing
its reproduction of crystallographic structures of LH-nucle-
osome complexes. We then introduced single-point muta-
tions into both LHs, and by docking the mutants to
nucleosome structures, we identified residues that switch
chromatosome configurations. Furthermore, we analyzed
the effects of D. melanogaster gH1 PTMs on LH-nucleo-
some binding and the distribution of the chromatosome
structural ensemble.
MATERIALS AND METHODS

We prepared five sets of systems for BD docking simulations (see Table 1).

Each system consisted of an LH GD structure and a nucleosome structure to

which the LH GD was docked.
LH GD-nucleosome structures

Recently, two crystal structures were reported for LHGD-nucleosome com-

plexes (PDB: 4QLC (7) and 5NL0 (8)). To confirm the validity of our

computational protocol, we used these structures as control test systems.

From each structure, we created two PDB files, one for the nucleosome

and one for the LH GD. Conformational variability of the nucleosome

was considered as done previously (53) by generating a set of structures

by performing an elastic network normal mode analysis (NMA) using the

NOMAD-Ref server (58). For the nucleosome structure from PDB:

5NL0, the following parameters were used so as to generate structures

with slightly more open L-DNA arms than the crystal structure: number
of modes to calculate, 106; distance weight parameter for elastic constant,

5 Å; elastic network model cutoff for mode calculation, 10 Å; average root

mean-square deviation (RMSD) in output trajectories from the initial struc-

ture, 3 Å; and calculation method, all-atom and automatic. For the nucleo-

some from PDB: 4QLC, we used the same nucleosome structures obtained

with the default NOMAD-Ref server parameters as used in our previous

study (54), which were number of modes to calculate, 16; distance weight

parameter for elastic constant, 5 Å; elastic network model cutoff for mode

calculation, 10 Å; average RMSD in output trajectories from the initial

structure, 1 Å; and calculation method, all-atom and automatic. The output

structures of the nucleosomes were named mode 70 (crystal structure),

mode 71, and mode 72 and correspond to snapshots along the lowest fre-

quency mode (mode 7, modes 1–6 correspond to rigid body translation

and rotation) with increasingly more open L-DNA arms.

As homology-modeled LH structures were used to fit the LH densities in

the recent crystal structures, the LH structures extracted from these PDBfiles

were refined using the GalaxyRefine web server tool (59) to increase the

structural quality of the side chains of the LHs by using the ‘‘mild

relaxation only’’ option. The GalaxyRefine tool rebuilds side chains and per-

forms side-chain repacking and structure relaxationwith anMD-simulation-

based protocol. The tool ranked best for improving the local structure quality

in theCASP10 assessment (59). In all refinements, the all-atomRMSDof the

input and output LH structures of the GalaxyRefine tool were below 2 Å.
Apo-nucleosome structures

The eight snapshots from the MD simulation of an apo-nucleosome per-

formed by Özt€urk et al. (54) and previously used for BD rigid-body docking

simulations were used. Özt€urk et al. showed that the BD docking to these

snapshots resulted in similar LH binding configurations to those obtained

for nucleosome structures generated by NMA by Pachov et al. (53). Here,

we used our previously generated snapshots of nucleosome structures from

MD simulations rather than NMA, as MD provides more realistic structures
Biophysical Journal 114, 2363–2375, May 22, 2018 2365



TABLE 1 Systems Used in BD Docking Simulations

Nucleosome Structures DNA Sequence Core Histones

Number of

Nucleosome

Conformations

for Docking

L-DNA

Length (bp)

LH Globular

Domain with

Conformation

in Parentheses BD Simulations

Crystal structure

(PDB: 4QLC,

Zhou et al. (7))

and structures

from NMA

Widom 601 D. melanogaster 3 10 G. gallus gH5

(closed)

protocol validation

(Fig. 4 A)

Crystal structure

(PDB: 5NL0,

Bednar et al. (8))

and structures

from NMA

Widom 601L X. laevis 3 26 X. laevis gH1

(closed)

protocol validation

(Fig. 4 B)

MD snapshots

(Özt€urk et al. (54)

based on PDB: 1KX5

and 1ZBB

palindromic H. sapiens

X chromosome

a-satellite

sequence

X. laevis 8 10 G. gallus gH5

(closed)

gH5 mutants:

V80K

K82I

K85V

V87K

(Fig. 5 A)

MD snapshots

(Özt€urk et al. (54)

based on PDB: 1KX5

and 1ZBB

palindromic H. sapiens

X chromosome

a-satellite

sequence

X. laevis 8 10 D. melanogaster

gH1 (same as

Zhou et al. (9))

gH1 mutants:

K102V

I104K

K107

K109V

(Fig. 5 B)

MD snapshots

(Özt€urk et al. (54)

based on PDB: 1KX5

and 1ZBB

palindromic H. sapiens

X chromosome

a-satellite

sequence

X. laevis 8 10 D. melanogaster

gH1 (same as

Zhou et al. (9))

gH1 PTMs:

K58 dimethylation

S66 phosphorylation

S67 phosphorylation

K72 dimethylation

(Fig. 5 C)

The five different simulation systems and the details of their structural components are given. See Fig. S1 for a comparison of the three different DNA se-

quences in the nucleosomes studied.
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than NMA, albeit at greater computational cost. These nucleosome struc-

tures were derived from the crystal structures with PDB: 1KX5 (1.9 Å reso-

lution) (60) for the nucleosome core particle and with PDB: 1ZBB (9 Å

resolution) (61) for the 10 bp extensions of each L-DNA. The following pro-

cedurewas previously used (54): the N-DNAwas extended with two L-DNA

arms and core histone tailswere removed.Nucleosome dynamicswere simu-

lated for 100 ns by standard MD simulation. After clustering of structures

from the trajectory, eight different snapshots were selected to cover the

conformational space of the nucleosome, in which the L-DNA2 arm was

in a highly populated conformation and the conformation of the L-DNA1

arm varied (for details of the nucleosome structures, see Figs. S2 and S3;

Table 1; (54)). The eight nucleosome structures have different L-DNA1

arm opening and closing angles: snapshots 6, 7, and 8 have a more open

L-DNA1 arm, and snapshots 1, 2, 3, and 4 have a more closed L-DNA1

arm compared to snapshot 5 (see Figs. S1–S3; Table 1).
LH GD structure

The refined G. gallus gH5 crystal structure (PDB: 1HST, chain B (6)) was

used for docking to the apo-nucleosome structures. Exchanges of positive

and hydrophobic residues at four positions in the b1-loop of the G. gallus

gH5 and D. melanogaster gH1 sequences were selected (Figs. 1 and 2 A).

The V80K, K82I, K85V, and V87K mutations were introduced individually
2366 Biophysical Journal 114, 2363–2375, May 22, 2018
into G. gallus gH5 to construct single-point mutants. The structure of

D. melanogaster gH1 as reported by Zhou et al. (2013) (9) was kindly pro-

vided by Yawen Bai, and the K102V, I104K, K107V, and K109V mutations

were introduced into D. melanogaster gH1. All mutations were introduced

using the PyMOL molecular modeling software (62) (Figs. 1 and 2, A

and B), and then each structure was refined using the GalaxyRefine struc-

ture refinement web server tool (59) as described above.

Additionally, the K72dimethylation, S67phosphorylation, S66phosphor-

ylation, and K58dimethylation PTMs (Fig. 2 C) (26) were introduced into

the D. melanogaster gH1 by applying the PyTMs plugin in PyMOL (62,63)

to the refined wild-type (WT) structure. As the GalaxyRefine web server

only accepts standard amino acids, partial atomic charges and radii of the

posttranslationally modified residues were obtained from previously pub-

lished studies (64,65) and added manually to the PQR files generated for

these structures without further refinement.
BD preparation and simulation parameters

For BD simulations, polar hydrogen atomswere added to the structures by us-

ing the PDB2PQR 2.1.1 web-server (66), and partial atomic charges and

atomic radii were assigned by using the AMBER99 force field (67). For all

structures, the molecular electrostatic potentials were calculated by using

APBS 1.4 (68) to solve the nonlinear Poisson-Boltzmann equation with a
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1 Å grid spacing. Input parameters were a temperature of 298.15 K, solvent-

and solute-relative dielectric constants of 78.54 and 2, respectively, and an

ionic strength of 100 mM. The van der Waals surface was used to define the

dielectric boundary. Effective charges were assigned to charged residues on

the protein and to P atoms on the DNA using the Effective Charges for Mac-

romolecules (ECM) program (69). BD simulations were performed by using

the SDA 7 software (70) with electrostatic interaction forces and neglecting

short-range interactions. The solutes diffused as rigid bodies and overlap be-

tween the GD LH and the nucleosome was prevented by applying a 0.5 Å

excludedvolumecriterion.TheBDtrajectorieswere startedwith thegeometric

center of LHGDpositioned randomly on a sphere centered on the nucleosome

at a center-to-center distance of�185 Å and stopped at a center-to-center dis-

tance of�204 Å. A time step of 1 ps was used. For each system, we generated

20,000 BD trajectories, and our test runs for 10,000 BD trajectories and for

different initial random-number seeds resulted in similar cluster configurations

and population percentages. The following two geometric conditions were

used to define formation of the diffusional encounter complexes: 1) the geo-

metric center-to-center distance of LH and the nucleosome <98 Å, and 2)

the nucleosome dyad point and LH center separation<40 Å. The coordinates

and interaction energies of a complex at a given time step were recorded if the

RMSD to the previously recorded complexeswas>1 Å and the interaction en-

ergy was within the 5000 most favorable energy complexes recorded. A com-
plexwithRMSD<1 Å to a previously recorded complex but lower energywas

recorded as a substitute of that complex; higher energy complexes were added

to the count of occurrence of the closest recorded complex with lower energy.

Finally, we clustered the top 5000 lowest energy structures into 10 groups,

which were ranked according to cluster size, taking the number of counts for

each complex recorded into account (for details see (54)).
Analysis of docked encounter complexes

The configuration of the LH on the nucleosome was classified for the repre-

sentative structures of the first two largest clusters of encounter complexes

with the highest populations obtained in each docking simulation by

applying the following procedure. The nucleosome dyad axis was aligned

perpendicular to the viewing plane and the DNA grooves were labeled.

The minor groove on the dyad was labeled as 0, and the neighboring major

grooves of N-DNA toward L-DNA1 and L-DNA2 were labeled as �1

and þ1, respectively. The adjacent major grooves on the L-DNA1 and

L-DNA2 were labeled as �2 and þ2, respectively, and so on to the

ends of the L-DNA arms. The DNA groove contacts of the structural ele-

ments of the LH (a3, b1, and l1) were computed for the representative struc-

ture of each docking cluster and represented by a vector (see Fig. 3 A). The
FIGURE 3 Representative LH-nucleosome

encounter complexes from BD docking simula-

tions. LHs are shown in cartoon representation

and shown in red for reference crystal structures

and cyan for docking results. (A) The crystal struc-

ture of the complex formed byG. gallus gH5 bound

to a 147 bpWidom 601 DNA sequence nucleosome

(PDB: 4QLC) (7) is shown. The classification

of the configuration as (�3[, 0, þ3) (on-dyad)

is illustrated. (B) A representative structure from

the largest diffusional encounter-complex cluster

(cluster 1) from the docking of G. gallus gH5 (res-

idues 24–98) to the mode 71 structure of the nucle-

osome derived by NMA from the crystal structure

PDB: 4QLC (7) shown in (A). Compared to the po-

sition in the crystal structure (red), the gH5 has a

Ca RMSD of 3.6 Å and the same docked on-

dyad configuration (�3[, 0,þ3). (C) A representa-

tive structure from encounter-complex cluster 2 for

X. laevis gH1 docked to the nucleosome structure

from PDB: 5NL0 (8) is shown. Compared to the

position in the crystal structure (red), the gH1 has

a Ca RMSD of 5.5 Å and the same docked on-

dyad configuration (�3[, 0,þ3). (D) A representa-

tive structure from the encounter-complex cluster

with the greatest population (cluster 1) from dock-

ing WT G. gallus gH5 to snapshot 5 from MD

simulation of the nucleosome (see Table 1; Table

S6), which represents the average structure in the

simulation. The docked configuration is (�1 a,

�1 �2, �2) and off-dyad. To see this figure in

color, go online.
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orientation of the a3-helix of LH was determined, and an arrow was added

to the vector to represent the direction of the vector from the N- to the C-ter-

minus of the a3-helix. An X sign was used when the a3-helix vector was

perpendicular to the viewing plane. See Fig. 3 A for an example of the anal-

ysis for the crystal structure PDB: 4QLC in the configuration (�3[, 0,þ3).

The PyMOL software (62) was used to quantify hydrogen bonding (with a

distance criterion of 3.2–3.6 Å) between the LH and the nucleosome

structure.
RESULTS AND DISCUSSION

BD simulations recapitulate experimentally
determined LH-nucleosome complex
configurations

First, we tested the ability of our protocol of structural
refinement of the LH followed by BD rigid-body docking
to reproduce the experimentally determined LH-nucleo-
some structures. In this comparison, it should be borne
in mind that the docking protocols generate diffusional
encounter complexes that are expected to be close to but
not identical to the bound structures studied experimentally.
In particular, the rigid-body docked complexes are expected
to be looser and will lack optimization of short-range
hydrogen bonds and hydrophobic contacts. Therefore, we
compared the structures using a classification of the binding
configurations based on LH-nucleosome contacts rather
than commonly used measures based on RMSD.
FIGURE 4 Comparison of BD-docked LH GD-nucleosome encounter comp

G. gallus gH5 to the nucleosome (PDB: 4QLC, Zhou et al. (7)) is shown. (B) T

et al. (8)) is shown. For each system, the orientations of the representative struc

for docking of the LH GD to the nucleosome crystal structure (mode 70) and

L-DNA arms (modes 71 and 72) (see Materials and Methods and Table S2 for de

element of the LH (a3, b1, and l1) are given in the respective columns (see Fig.

given in gray for the crystal structures, in orange when BD results match with t

ements, in green when the BD results partially (only for one or two structural ele

have different DNA contacts from the crystal structures. For encounter-comple
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Zhou et al. (2015) published the crystal structure of
G. gallus gH5 bound to a nucleosome with a Widom
601 sequence (PDB: 4QLC) (7). This crystal structure
shows an on-dyad binding mode of the gH5. In the
current docking simulations and in our previous BD
docking study (54), WT G. gallus gH5 binds to the nucle-
osome from the 4QLC structure in an on-dyad configura-
tion. The orientation of gH5 corresponds to that in the
crystal structure in the largest encounter-complex cluster
(cluster 1) obtained by docking gH5 to the nucleo-
some of the chromatosome crystal structure PDB: 4QLC
(mode 70) and to the slightly more open mode 71 structure
(see Figs. 3 B and 4 A; Table S3). It should be noted
that for the same system in our previous docking simula-
tions (54), we did not apply an LH refinement protocol,
and some opening of the nucleosome, as represented
by the mode 71 and mode 72 snapshots, was necessary
to allow access of the LH to the nucleosome dyad axis
and to reproduce the crystallographic binding mode.
This opening of the nucleosome was not necessary for
the refined LH structure to bind in the crystallo-
graphic binding mode, although binding in this orientation
was facilitated by the slight opening in the mode 71
structure.

Bednar et al. published the crystal structure of Xenopus
laevis gH1 bound to a palindromic Widom 601L nucleo-
some (PDB: 5NL0) (8). This crystal structure also shows
lexes with crystal structures of the complexes. (A) The docking of WT

he docking of WT X. laevis gH1 to the nucleosome (PDB: 5NL0, Bednar

tures of the largest two clusters of docked encounter complexes are given

two structures generated by normal mode analysis with slightly opened

tails). The DNA grooves on the nucleosome in contact with each structural

3). Color code: the DNA groove contacts of the a3, b1, and l1 elements are

he DNA groove contacts of the crystal structures for all three structural el-

ments) match with the crystal structures, and in yellow when the BD results

x cluster populations, see Table S3. To see this figure in color, go online.
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an on-dyad mode for gH1. Application of our LH refine-
ment and docking protocol reproduced the configuration
observed in the crystal structure (�3 [, 0, þ3) in the
first- or second-largest encounter-complex cluster when
using any of the three nucleosome conformations (modes
70–72) (Figs. 3 C and 4 B). Interestingly, the number of
encounter complexes observed in each docking simulation
was somewhat lower than for the gH5 simulations (1–1.5
million compared to 1.4–2.0 million; see Table S3),
indicating that the LH binding site was less accessible,
possibly because of the longer L-DNA arms (26 vs.
10 bp). Consistently, in the docking simulations of
X. laevis gH1 to the crystal structure (mode 70) and
mode 71 of the nucleosome, the a3-helix of the LH binds
to the L-DNA grooves þ4 and �4, respectively (see Table
S3). When the L-DNA arms open further in the mode 72
nucleosome structure, the LH can approach closer to the
LH core, and the LH a3-helix binds predominantly to
L-DNA groove �3, as observed in the crystal structure.
This indicates that further conformational relaxation of
the LH and nucleosome should stabilize these on-dyad
binding modes.

Summarizing, the diffusional encounter-complex struc-
tures generated by BD docking simulations are largely
consistent with the crystallographic results of Zhou
et al. (7) and Bednar et al. (7,8) for two different
LH-nucleosome systems (Fig. 4). We also previously
obtained both on- and off-dyad LH binding modes
consistent with the available experimental data by
BD docking simulations using nucleosome structures
generated by normal mode analysis and by MD simula-
FIGURE 5 Comparison of the BD-docked configurations of G. gallus gH5 an

eight representative nucleosome structures. (A) WTand mutant G. gallus gH5, (B

modified D. melanogaster gH1 are all shown. The figures show the orientations o

from docking each LH GD to eight representative structures of the nucleosome fr

scheme is the same as in Fig. 4. For cluster populations, see Tables S6–S8. To
tion (53,54). We therefore applied the BD docking
approach to investigate the effects of mutations and
posttranslational modifications on LH-nucleosome binding
configurations.
Single-point mutations in the LH globular domain
can significantly affect chromatosome structure

BD docking results for G. gallus gH5 and D. melanogaster
gH1 binding to the eight representative nucleosome struc-
tures generated by MD simulation (Figs. S2 and S3) are
given in Fig. 5. The nucleosome structures open and close
the L-DNA arms to different extents, which were sampled
by MD simulation. With respect to the apo-nucleosome
structure (snapshot 5), snapshots 1, 2, 3, and 4 are more
closed structures, and snapshots 6, 7, and 8 are more open
structures (see Figs. S2 and S3 (54)). The binding mode
of the largest encounter-complex cluster obtained for the
LH variants is compared with that for the WT LH GD for
each of the nucleosome structures (see Tables S6 and S7
for the results for the two largest encounter-complex clus-
ters and their populations). Mutant LH-nucleosome config-
urations that differ significantly from the configurations of
the WT LH GD are highlighted in yellow, whereas those
that are conserved are highlighted in orange in Fig. 5;
gray indicates the configuration obtained from docking
the WT LH GD, and green indicates a partial configuration
similarity (only for one or two structural elements) with the
WT LH.

As found before (53,54), all docked configurations of
WT gH5 (with a closed loop) to eight nucleosome
d D. melanogaster gH1 variants to those for WT LH GDs upon docking to

) WTand mutant D. melanogaster gH1, (C) and WTand posttranslationally

f the representative structures of the largest cluster of encounter complexes

om an MD simulation started from PDB: 1KX5 (57) (Table 1). The coloring

see this figure in color, go online.
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structures are off-dyad and in the (�1a, �1 �2, �2)
configuration (Fig. 3 D) for the nucleosome structure close
to the crystal structure, snapshot 5, and the most open struc-
ture, snapshot 8 (Figs. 3 D and 5 A). The off-dyad LH bind-
ing mode is similar to that identified from NMR (9,10) and
cryo-electron microscopy (71) experiments. For the other
snapshots, the alternative off-dyad docking position is
similar to L-DNA1 binding configuration (�1a, �1 �2,
�2), but binding to L-DNA2 (þ1_, þ1 þ2, þ2) domi-
nates, as observed previously (54).

For the gH5 mutants, both off-dyad and on-dyad configu-
rations are observed when considering all eight nucleosome
snapshots (Fig. 5 A). Interestingly, the on-dyad binding of
WT and mutant G. gallus gH5 is not observed in the more
open nucleosome conformations, suggesting that L-DNA
opening is important for the distinction between off-
and on-dyad binding modes of the LH. Additionally, the
G. gallus gH5 K82I mutation resulted in four on-dyad bind-
ing modes out of a total of eight docking simulations (see
b1-loop contacts of K82I with DNA groove 0 in Fig. 5 A).
Considering that the gH5 K82 residue is located at the
beginning of the b1-loop of the LH (Fig. 2 A), the unit
charge reduction resulting from the isoleucine substitution
could reduce contact with the L-DNA arms, making the
on-dyad configuration more preferable for this mutant.
Moreover, hardly any b1-loop binding to L-DNA1 is
observed for WT and mutant gH5 docking to the more
closed nucleosome snapshots. For the most open conformers
(snapshots 7 and 8), mainly the off-dyad mode is observed
because of the opening of the L-DNA1 arm. Remarkably,
mutation of gH5 K85 (which is conserved as lysine at the
corresponding position in D. melanogaster gH1 and
X. laevis H1) to valine revealed an off-dyad L-DNA2 bind-
ing mode (þ1_, þ1 þ2, þ2) in seven out of eight docking
simulations, indicating that, in addition to L-DNA opening
angles, LH sequence is also a determinant of the binding
configuration.

WT D. melanogaster gH1 overall adopts a greater diver-
sity of bound configurations than WT G. gallus gH5, but all
are off-dyad except for the on-dyad docking mode observed
for the most closed nucleosome structure, snapshot 4, and
for the docking of the K109V mutant to a closed nucleo-
some structure, snapshot 1 (Fig. 5 B). Interestingly, all
gH1 mutants, except K102V, bind on-dyad to snapshot 4.
Furthermore, compared to the WT and mutant gH5 simula-
tions, more of the docking poses for WT and mutant gH1
display off-dyad binding to the L-DNA1 arm (Fig. 5, A
and B). These results suggest that G. gallus gH5 and
D. melanogaster gH1 have distinct nucleosome binding
preferences. For most snapshots, the number of encounter
complexes recorded is lower for gH1 than gH5 (see Tables
S6 and S7), indicating lower accessibility to the nucleo-
some, which also correlates with the higher accessible sur-
face area of gH1 compared to gH5 (3998 vs. 3810 Å2).
For the most open structure, snapshot 8, both gH1 and
2370 Biophysical Journal 114, 2363–2375, May 22, 2018
gH5 bind predominantly in the same off-dyad (�1 a,
�1 �2, �2) configuration (Fig. 5, A and B).

The effect of LH mutations on the LH GD-nucleosome
complex configuration varies among the different snapshots
of the nucleosome. For the G. gallus gH5 mutants, docking
to nucleosome snapshots 1, 2, 4, and 5 resulted in a major
configuration shift compared to G. gallus gH5 WT for all
the mutants (more yellow and less orange in the rows in
Fig. 5 A). For the D. melanogaster gH1 mutants, the LH
configuration was most affected (with shifts for all four
mutants, more yellow and less orange in the rows in
Fig. 5 B) compared to WT D. melanogaster gH1 for nucle-
osome snapshot 4, the snapshot with the most closed
conformation of the nucleosome. On the other hand, for
some snapshots, there were very few shifts in LH-nucleo-
some configuration upon mutation. For G. gallus gH5,
only one mutant showed a shift for nucleosome snapshots
6, 7, and 8 (Fig. 5 A), whereas for D. melanogaster gH1,
only one mutant showed a shift in nucleosome snapshot
1 (Fig. 5 B). The results show that point mutations may
result in a range of changes to LH-nucleosome binding
configuration that are dependent on L-DNA opening. The
results for the gH5 mutants indicate that chromatosome
formation for the more open nucleosome structures may
be less sensitive to gH5 sequence, which would have impli-
cations for LH binding mechanisms in chromatin, the for-
mation of chromatin structure, and the phenotypic effects
of mutations on LHs.

The applied point mutations involved either the introduc-
tion or the removal of a þ1 charge from the total þ11e
charge of the two LHs by the exchange of a lysine residue
with a hydrophobic residue. Each single-point mutation
had a significant effect on LH docking to at least one of
the eight different nucleosome structures. This observation
is consistent with the idea that LH-nucleosome recognition
is strongly affected by electrostatic interaction forces. For
G. gallus gH5, the total number of configuration changes
(number of rows with contacts shown in yellow and green
indicating, respectively, no or partial overlap with the WT
LH configuration) in the first encounter-complex clusters
for docking to the eight different nucleosomes are 5
(V80K) and 4 (K85V, K82I, and V87K), whereas for
D. melanogaster gH1, they are 7 (K109V), 6 (I104K), 5
(K102V), and 5 (K107V). Previously, by using BD and
MD simulations, we showed that G. gallus gH5 V87 makes
hydrophobic contacts with nucleosome thymine methyl
groups in the off-dyad binding mode that are enhanced by
induced fit and the adoption of a loop-out conformation of
the gH5 (54). Although the rigid-body docking results pre-
sented here indicate that the V80, K82, K85, and V87 resi-
dues of the G. gallus gH5 and the corresponding K102,
I104, K107, and K109 residues of D. melanogaster gH1
are important for nucleosome recognition, we anticipate
that the mutations will also affect stabilization of the chro-
matosome complex by induced fit.
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Analysis of hydrogen bonds between the LH and
the phosphate backbone of the DNA indicates that WT
and mutant D. melanogaster gH1 generally make fewer
hydrogen bonds in the encounter complexes compared to
WT and mutant G. gallus gH5. Summing up the eight
different docking simulations and the two largest
encounter-complex clusters (Tables S6–S8), WT
D. melanogaster gH1 makes 27 hydrogen bonds, whereas
G. gallus gH5 makes 35 hydrogen bonds (Fig. 6; Tables
S4 and S5). Interestingly, in WT D. melanogaster gH1,
the residues making the most hydrogen bonds are K92
and K95 on the a3-helix, which can bind to alternative
DNA grooves on the nucleosome (Fig. 6; Table S5). On
the other hand, in G. gallus gH5, most of the hydrogen
bonds formed in docking simulations are made by R47
and R94 on the a2-helix and b-sheet, respectively (Fig. 6;
Table S4). These hydrogen-bonding differences indicate
that different LH isoforms may have different nucleosome
recognition mechanisms.

The introduction of single-point mutations in the LHs
also resulted in significant changes in hydrogen bonding
with the nucleosome. Summing up the eight nucleosome
structures of the two largest encounter-complex clusters
(Tables S6 and S7), the residues that make more than
six hydrogen bonds with the nucleosome in G. gallus
gH5 mutants are R47 (9 hydrogen bonds (H-bonds)
made by V80K mutant and 10 H-bonds made by K85V
mutant), K52 (6 H-bonds made by V80K mutant), and
K69 (8 H-bonds made by K82I mutant and 12 H-bonds
made by V87K mutant) (Fig. 6; Table S4). For
D. melanogaster gH1 docking, the corresponding resi-
dues are K72 (6 H-bonds made by K107V mutant and
7 H-bonds made by K109V mutant) and K91 (6 H-bonds
made by K102V mutant) (Fig. 6; Table S5). These results
indicate that the hydrogen-bonding network of LH-nucle-
osome interaction is sensitive to point mutations. Remark-
ably, the I104K mutant of D. melanogaster gH1 makes
far fewer H-bonds (18 in eight simulations) compared
to the other mutants and PTMs (Fig. 6; Table S5).
Interestingly, a significant shift in configuration for
D. melanogaster gH1 (six of eight encounter complexes
shifted compared to WT) is also observed for this mutant,
suggests that H-bonding is important for the LH-nucleo-
some configuration.

In certain LH mutant and nucleosome combinations, sin-
gle-point mutations on the LH are able to switch the LH
binding mode from D. melanogaster gH1 to WT G. gallus
gH5 or vice versa. For example, in docking the I104K
mutant of D. melanogaster gH1 to nucleosome snapshots
1 and 6, the representative structures from the largest
encounter complexes are similar to the configurations for
WT G. gallus gH5 docking to the same nucleosome confor-
mations (þ1 _, þ1 þ2, þ2) (Fig. 5, A and B). Similarly,
docking the K109V mutant of the D. melanogaster gH1 to
FIGURE 6 The number of H-bonds formed be-

tween nucleosomal DNA and LH GDs. The num-

ber of H-bonds formed between nucleosomal

DNA and (A) WT or mutant G. gallus gH5 or (B)

WT, mutant, or posttranslationally modified D.

melanogaster gH1 are given, summed up over the

eight different LH GD-nucleosome docking simu-

lations (each with a different nucleosome confor-

mation) for each LH variant. Some residues

make more than one H-bond in the docked posi-

tion. To see this figure in color, go online.
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nucleosome snapshot 6 yielded similar configurations to
WT G. gallus gH5 for docking to the same nucleosome con-
formations (þ1 _, þ1 þ2, þ2) (second encounter com-
plex; Tables S6 and S7). In addition, docking of the K82I
mutant of the G. gallus gH5 to nucleosome snapshot 6 (clus-
ter 1: (�2 ), �2, no)) resulted in similar configurations to
WT D. melanogaster gH1 (Fig. 5, A and B; Tables S6 and
S7). These results indicate that single-point mutations may
switch the chromatosome configurations of different LH
isoforms.

Even though the sequences of D. melanogaster gH1
and G. gallus gH5 share 49% sequence identity (Fig. 1),
both WT LH GDs docked in the same off-dyad mode to
the most open nucleosome conformation, snapshot 8, as
(�1 a, �1 �2, �2) (Fig. 5, A and B; Tables S6 and S7).
This shows that, apart from the amino-acid sequence of
the LH, L-DNA opening of the nucleosome affects the chro-
matosome configuration. It also suggests that open nucleo-
some conformations may be able to bind LH proteins
off-dyad nonspecifically, and that subsequently more
specific on- and off-dyad configurations are formed upon
LH-induced nucleosome closing.
PTMs of D. melanogaster gH1 can modulate
LH-nucleosome binding

In addition to single-point mutations, our docking results
revealed that PTMs can also switch the configuration of
D. melanogaster gH1-nucleosome binding. Four known
PTMs, two lysine dimethylations and two serine phos-
phorylations, were investigated. Dimethylation interferes
with salt-link formation, and phosphorylation introduces
negative charge. The number of significant shifts in chro-
matosome configurations (Fig. 5 C) upon introducing the
PTMs is 8 (S67phosphorylation), 3 (K72dimethylation),
and 2 (S66phosphorylation, K58dimethylation). In WT
D. melanogaster gH1, K58 is on the a1-helix (Fig. 2 C)
and has very limited contacts with the DNA in the docked
encounter complexes. Thus, it is not surprising that dime-
thylation of K58 has only a modest effect on nucleosome
binding. S66 points toward the LH core, which could
explain the limited shifts in configuration observed upon
S66phosphorylation (Fig. 2 C). On the other hand, S67
and K72 are both on the a2-helix (Fig. 2 C), and introduc-
tion of these PTMs at the interaction surface of the
LH GD affects the LH binding pose and the number
of H-bonds made by the neighboring residues (Fig. 6;
Table S5).

Apart from S67phosphorylation, all PTMs resulted in
an on-dyad binding mode to the most closed nucleo-
some conformation, snapshot 4, as observed for WT
D. melanogaster gH1. Overall, though, for all 40 top-ranked
docking encounter complexes for WT gH1 and gH1 with
PTMs, 31 resulted in off-dyad binding to L-DNA and only
3 in off-dyad binding to L-DNA2.
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For all four PTMs, the number and nature of the
H-bonds with the nucleosome compared to WT
D. melanogaster gH1 is affected for the two most
populated encounter complexes (Table S8). For WT
D. melanogaster gH1, the majority of the H-bonds with
the nucleosome are made by K92 and K95 (6 H-bonds
each) (Fig. 6; Table S5). For gH1 with PTMs, the most
H-bonds are made by R63 (9 H-bonds, K72dimethylation,
6 H-bonds, S66phosphorylation), K91 (8 H-bonds,
S67phosphorylation, 6 H-bonds, S66phosphorylation),
and K107 (6 H-bonds, K72dimethylation) (Fig. 6; Table
S5). Unlike the single-point mutants studied, the gH1 var-
iants with PTMs bind differently to the most open nucleo-
some conformation, snapshot 8. This may be due to their
greater size, which reduces steric accessibility to the
N-DNA and results in encounter complexes further from
the dyad axis. The high variation in hydrogen bonding
upon introducing PTMs suggests that each posttranslation-
ally modified LH could have unique nucleosome interac-
tion features and thus may have a distinct regulatory
effect on chromatin compaction and gene regulation.
CONCLUSIONS

By BD docking of refined structures of LH GDs to nucle-
osome structures, we recapitulated the crystal structures
of the complexes determined by Zhou et al. (7) and Bed-
nar et al. (8). These results confirm that BD rigid-body
docking is a valid tool for studying LH-nucleosome bind-
ing configurations and can be used without prior knowl-
edge of the structural constraints on the structure of the
complex. Our previous MD simulations suggested that
both conformational selection and induced fit facilitate
formation of the bound LH-nucleosome complex (54).
Thus, it should be borne in mind that a complete under-
standing of chromatosome complexation by LH mutants
will require further MD simulations to investigate the sta-
bility of the fully bound mutant complexes formed from
the diffusional encounter complexes generated by BD
docking.

The results of our BD docking simulations indicate that
the chromatosome configuration is sensitive to single-point
mutations and PTMs in the GD of LHs. We found that mu-
tations changing the charge on G. gallus gH5 residues V80,
K82, K85, and V87 and on D. melanogaster gH1 residues
K102, I104, K107, and K109 around the LH b-turn signifi-
cantly affect the LH configuration. The results show that
both electrostatic and steric effects of the mutations and
PTMs significantly influence the LH-nucleosome configura-
tion. The computed LH GD-nucleosome interaction en-
ergies in the diffusional encounter complexes vary within
a few kT in the different configurations. Thus, other muta-
tions and PTMs on the nucleosome-binding faces of the
LH GDs can be expected to affect LH-nucleosome configu-
ration to varying extents.
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Considering the diversity of species of the LHs used in
recent experimental studies of LH-nucleosome complexes,
our results indicate that a systematic comparison of chroma-
tosome configurations for different LH and nucleosome
sequences and single-point mutations is necessary to under-
stand the distribution of the chromatosome structural
ensemble and its effect on function. Moreover, experiments
to investigate the structural ensemble in solution, such as
hydroxyl radical footprinting or NMR, are important to
complement crystallographic data. In higher eukaryotes,
having a chromatosome structural ensemble could facilitate
the ability of one LH isoform to substitute for other LH iso-
forms, for example, as indicated by recent experimental
studies showing that a single LH isoform knockout is not le-
thal in mice (72).

Currently, there is a significant interest in determining
the phenotypic effects of core histone tail PTMs. Here, we
show that LH PTMs may alter the chromatosome structural
ensemble, which may impact higher-order chromatin struc-
ture and possibly gene expression profiles. We found that
S67phosphorylation and K72dimethylation cause the most
significant shifts in chromatosome configuration, whereas
S66phosphorylation and K58dimethylation have modest ef-
fects. Applying single-point mutations like K72R to prevent
dimethylation (73) and S67E to partially mimic phosphory-
lation (74) of D. melanogaster gH1 could be a promising
experimental approach to understand the phenotypic effects
of these PTMs.

Our study has certain limitations that need to be borne in
mind. First, in our BD simulations, rigid conformations of
the molecules are used, and thus possible induced fit mecha-
nisms that could further stabilize the LH-nucleosome com-
plexes are neglected. Furthermore, the behavior of the
mutants and PTMs of LHs used in our study could differ
from the behavior in vivo because of the presence of the
core histone and LH tails as well as the nucleosome connec-
tivity via L-DNA in chromatin. Lastly, the nucleosome struc-
ture that we used in MD simulations to investigate off-dyad
LH binding could have additional L-DNA conformations
relevant to other LH binding modes that were not sampled.

In conclusion, by applying BD docking simulations, we
find that the chromatosome structural ensemble is sensitive
to specific LH mutations and PTMs, which may have impli-
cations for the effects of LH binding on chromatin structure
and function.
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