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ABSTRACT: Post-translational modifications (PTMs) of histones
play important roles in regulating the structure and function of
chromatin in eukaryotes. Although histone PTMs were considered to
mainly occur at the N-terminal tails of histones, recent studies have
revealed that PTMs also exist in the histone-fold domains, which are
commonly shared among the core histones H2A, H2B, H3, and H4.
The lysine residue is a major target for histone PTM, and the lysine to
glutamine (KQ) substitution is known to mimic the acetylated states
of specific histone lysine residues in vivo. Human histones H3 and H4
contain 11 lysine residues in their histone-fold domains (five for H3
and six for H4), and eight of these lysine residues are known to be targets for acetylation. In the present study, we prepared 11
mutant nucleosomes, in which each of the lysine residues of the H3 and H4 histone-fold domains was replaced by glutamine: H3
K56Q, H3 K64Q, H3 K79Q, H3 K115Q, H3 K122Q, H4 K31Q, H4 K44Q, H4 K59Q, H4 K77Q, H4 K79Q, and H4 K91Q.
The crystal structures of these mutant nucleosomes were determined at 2.4−3.5 Å resolutions. Some of these amino acid
substitutions altered the local protein−DNA interactions and the interactions between amino acid residues within the
nucleosome. Interestingly, the C-terminal region of H2A was significantly disordered in the nucleosome containing H4 K44Q.
These results provide an important structural basis for understanding how histone modifications and mutations affect chromatin
structure and function.

In eukaryotic chromosomes, genomic DNA is organized into
chromatin. The elemental repeating unit of chromatin is the

nucleosome core particle (NCP), which consists of 146 base
pairs of DNA wrapped in 1.65 left-handed superhelical turns
around the histone octamer.1 The histone octamer comprises
two each of the core histones, H2A, H2B, H3 and H4, which
form two H2A/H2B dimers and an H3/H4 tetramer,
respectively, in the NCP. These core histones share common
structural motifs, in which the central histone-fold domain is
bordered by flexible N- and C-terminal tails.2,3

Histones are subjected to a plethora of post-translational
modifications (PTMs), including acetylation of lysines,
methylation of lysines and arginines, phosphorylation of serines
and threonines, ADP-ribosylation of glutamic acids, ubiquity-
lation and SUMOylation of lysines, and biotinylation of lysines.
Until recently, the unstructured N-terminal histone tails have
been considered to be the primary substrate for diverse PTMs.
On the basis of these findings, the histone code hypothesis was
proposed, which states that the presence of defined patterns of
modifications on the flexible histone tails alters the accessibility
of effector proteins to the nucleosomal DNA.4,5 This system is
predicted to regulate gene expression epigenetically, in
combination with histone variant exchange.6,7

Advanced mass spectrometric studies have identified a
number of novel modifications in the histone-fold domains of
core histones.8−11 Consgrove et al. reported that many of these
modification sites are located on the histone−DNA contact
surface and proposed a “regulated nucleosome mobility” model,
in which the equilibrium between low mobility and high
mobility nucleosomes is regulated by changes in the histone−
DNA binding affinity through the histone modifications.12 In
this model, the ATP-dependent nucleosome-remodeling factors
and the histone acetylations cooperatively weaken histone−
DNA contacts and increase nucleosome mobility. On the other
hand, the removal of the acetyl group from acetylated histones
by deacetylases restores histone−DNA contacts and decreases
nucleosome mobility.12 In addition to the modifications on the
histone−DNA contact surface, Mersfelder and Parthun reviewed
those at other locations on the histone-fold domains and
discussed their roles in the regulation of chromatin structure.13

Lysine acetylation, a major histone PTM, neutralizes the
positive charge of the ε-amino group of the side chain by
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adding an acetyl group. Neumann et al. established a system for
the site-specific incorporation of N-acetyllysine in recombinant
proteins, using an N-acetyllysyl-tRNA synthetase/tRNA
pair.14,15 The site-specific incorporation of acetyllysine at
position 56 of histone H3 was also established by a chemical
ligation strategy.16 On the other hand, site-directed muta-
genesis to replace lysine with glutamine has been used as a
concise method to mimic lysine acetylation. In vivo, the lysine
replacement by glutamine or asparagine partially mimics the
functions of acetylated histones.17,18 Consistently, glutamine
substitutions in the tail domains of histones were demonstrated
to have effects similar to acetylation on higher-order chromatin
structure.19 Therefore, the histone KQ mutants, in which the
lysines (K) are replaced by glutamines (Q), are important tools
for understanding the functional significance of histone
acetylation. However, the nucleosome structures containing
the KQ mutations of core histones have not been reported,
except for the histone H3 K56Q mutant.20

To obtain comprehensive structural information for the
nucleosomes containing histone KQ mutants, in the present
study we prepared 11 mutant NCPs, in which each of the
lysines in the histone-fold domains of human histones H3 and
H4 was replaced by glutamine (Figure 1). We then determined
the crystal structures of these mutant NCPs and discussed their
structural characteristics.

■ EXPERIMENTAL PROCEDURES

Preparation and Crystallization of NCPs. Previously
reported protocols were used to express, purify, and
reconstitute the mutant NCPs.21 Crystals for all of the mutants
were obtained by the hanging drop vapor diffusion method,

using 20 mM potassium cacodylate (pH 6.0), 40−50 mM KCl,
and 60−120 mM MnCl2 as the crystallization solution. Drops
composed of 1 μL of nucleosome solution and 1 μL of crystalli-
zation solution were equilibrated against 500 μL of reservoir
solution, containing 20 mM cacodylate (pH 6.0), 35−40 mM
KCl, and 40−70 mM MnCl2, at 20 °C.
Crystallographic Data Collection and Structure

Determination. The diffraction data were collected at
BL41XU of SPring-8 at a wavelength of 1.0 Å. Crystals were
soaked in cryoprotectant solutions containing 20 mM potassium
cacodylate (pH 6.0), 40 mM KCl, 55 mM MnCl2, 28%
2-methyl-2,4-pentandiol, and 2% trehalose and were flash-
cooled in a stream of nitrogen gas at 100 K. The data were
indexed, integrated, and scaled with HKL200022 and were
further processed using CCP4 suite programs.23 All structures
were solved by the molecular replacement method with the
program MOLREP,24 using the human NCP structure (Protein
Data Bank code 2CV5) as the search model. All models were
checked using sigma-A-weighted omit maps during the early
stages of the modeling. The models were rebuilt with COOT25

and refined with CNS.26 The statistics for data collection and
refinement are shown in Table 1. All molecular graphics images
were generated using PyMOL.27

■ RESULTS AND DISCUSSION

Human histone H3.1 mutants, containing the single amino acid
substitutions H3 K56Q, H3 K64Q, H3 K79Q, H3 K115Q, and
H3 K122Q, were purified as recombinant proteins by the
method described previously.21,28 Similarly, human histone
H4 mutants, containing the single amino acid substitutions H4
K31Q, H4 K44Q, H4 K59Q, H4 K77Q, H4 K79Q, and H4

Figure 1. (A) Surface representation of the human NCP (PDB code 3AFA). Histone H3 is colored cyan, H4 is pale green, H2A is yellow, H2B is
pink, and DNA is gray. The H3 and H4 lysine residues mutated to glutamine are shown in blue and green, respectively. The lysine residues identified
as targets for acetylation, methylation, and acetylation/methylation are labeled in blue, red, and purple, respectively. The location of the dyad axis is
indicated by Φ. (B) Secondary structures of histones H3, and H4. The lysine residues substituted with glutamine are labeled as in panel A.
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K91Q, were prepared. Each of these H3 and H4 mutants was
incorporated into NCPs by the salt-dialysis method,21,29 and
the NCPs were purified by native polyacrylamide gel
electrophoresis.30 The crystals of all of the mutant NCPs
belonged to the space group P212121, and the structures were
determined at resolutions ranging from 2.4 to 3.5 Å, as
summarized in Table 1. In these mutant NCP structures, the
electron densities for the glutamines, which replaced the
lysines, were sufficiently visible for model building (Figure S1).
For structural comparison, the crystal structure of human

NCP at 2.5 Å resolution (PDB code 3AFA),21,29 obtained by
the same sample preparation method as that for the mutant
NCPs, was used as the wild-type NCP structure. The rmsd's
between the wild-type and mutant NCP structures were
calculated by superimpositions on all phosphorus atoms of the
DNA and all Cα atoms of the histones. To reduce the effect of
the crystal packing environment, the rmsd values were averaged
between the two copies of each histone pair. The high-
resolution crystal structure of Xenopus laevis NCP determined
at 1.9 Å (PDB code 1KX5),31 which contains over 3000 water
molecules, was also used when information about solvent-
mediated interactions was required for the structural compar-
ison. Since the DNA-binding path of the X. laevis NCP is locally
altered, as compared to that of the human NCPs,21,32 the DNA
regions altered between the human and X. laevis NCPs were
not included in our comparison.
We first analyzed the eight mutant nucleosomes containing

H3 K56Q, H3 K64Q, H3 K115Q, H3 K122Q, H4 K31Q, H4
K77Q, H4 K79Q, and H4 K91Q. These lysine residues are
reportedly acetylated. Three more nucleosome structures,
representing the H3 K79Q, H4 K59Q, and H4 K44Q mutants,
whose acetylations have not been reported, are also described.
Structure of the H3 K56Q Mutant NCP. The acetylation

of the H3 K56 residue has been intensely investigated due to its
critical role in regulating transcription, replication, chromatin
assembly, and DNA repair.33−37 This acetylation is a mark of
newly synthesized histone H3 during S phase, and it is removed
during the G2 and M phases.33,34 However, the H3 K56
acetylation persists in the presence of DNA damage, suggesting
that it creates a favorable chromatin environment for DNA
repair.33 The H3 K56 residue is located on the N-terminal helix
(αN) (Figure 1). Watanabe et al. determined the crystal
structure of the X. laevis NCP containing the H3 K56Q mutant
at 3.8 Å resolution and showed that the mutation has no
detectable effects on the structure of the nucleosome.20 In this
study, we determined the crystal structure of the human NCP
containing the H3 K56Q mutant at 2.9 Å resolution. The
electron density for the side chain of glutamine at position 56 in
the H3 K56Q Xenopus NCP was reportedly invisible, probably
due to its low resolution.20 In contrast, in the human NCP, the
electron density of the H3 Q56 side chain is clearly observed,
allowing us to determine the side-chain orientation (Figure S1).
The water-mediated contacts between the H3 K56 residue and
DNA in the wild-type NCP (Figure 2A) are lost in the H3
K56Q mutant NCP (Figure 2B) because the orientation of the
H3 Q56 side chain differs from that of the wild-type H3 K56
side chain.
Watanabe et al. demonstrated that the H3 K56Q mutation

destabilizes cooperative, interarray interactions, when the arrays
contain nucleosome-free regions, although it does not affect
short-range nucleosome−nucleosome interactions within a
single nucleosomal array.20 Single-molecule FRET experiments

revealed that the H3 K56 acetylation increases the “breathing”
(partial unwrapping) of DNA.15 In the orthorhombic crystals of
the wild-type NCP and all mutant NCPs, the DNA ends of the
adjacent NCPs are packed end-to-end, forming a pseudocon-
tinuous double helix (data not shown).1 These crystal packing
contacts may prevent the transient unwrapping of the DNA
ends in the crystal structure, as also suggested in the previous
report.20 Partial unwrapping of the DNA ends was observed in
the crystal structure of the centromeric nucleosome containing
CENP-A.38 The CENP-A nucleosome crystal belonged to the
space group P21, in contrast to the typical orthorhombic
P212121 crystals of the canonical H3 nucleosomes. The
occurrence of the transient unwrapping of the DNA ends in
crystals may depend on the space group.
Structure of the H3 K64Q Mutant NCP. The H3 K64

residue is known to be acetylated, but its biological significance
has not been determined.39,40 This residue is also reportedly
trimethylated, enriched at pericentric heterochromatin, and
dynamically regulated during developmental reprogramming in
mammals.41 The H3 K64 residue is located on the N-terminal
side of the H3 α1 helix (Figure 1). In the structure of the wild-
type NCP, the main-chain amide nitrogen of the H3 K64
residue hydrogen bonds with the DNA phosphates, and the H3
K64 side-chain Nε forms a hydrogen bond network mediated
by water molecules that would contribute toward stabilizing the
arrangement of the H3 α1 and α2 helices (Figure 3A). The
former hydrogen bonds with DNA are present in the structure
of the H3 K64Q mutant NCP (Figure 3B). Although the 3.0 Å
resolution data for the H3 K64Q NCP are insufficient to
confirm the absence of hydrated water molecules, the latter
hydrogen bond network may be disrupted in the mutant
because the orientation of the glutamine side chain of the H3
Q64 residue is quite different, as compared to that of the wild-
type H3 K64 residue (Figure 3). The structural data suggest
that the side chain of the acetylated H3 K64 residue should be
oriented in a similar manner to that of the H3 Q64 side chain
to avoid steric conflict between the acetyl moiety and the H3
Q68 side chain (Figure 3). Thus, the acetylation of the H3 K64
residue is presumed to disrupt the hydrogen bond network
between the H3 α1 and α2 helices, as revealed in the H3 K64Q
mutant NCP structure.

Figure 2. Structures of the H3 K56Q mutant NCP. (A) Close-up view
of the structure around the H3 K56 residue of the wild-type NCP. (B)
Close-up view of the structure of the H3 K56Q mutant NCP. Histones
H3 and H4 are colored cyan and green, respectively. Hydrogen bonds
and salt bridges are denoted by dashed lines. In panel B, the wild-type
structure is superimposed and shown in white for comparison. The H3
K56 (A) and H3 Q56 (B) residues are shown in magenta. Water
molecules mediating hydrogen bonds are depicted as red spheres.
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Structures of the H3 K115Q and H3 K122Q Mutant
NCPs. The H3 K115 and H3 K122 residues are located near
the nucleosome dyad and have been identified as the targets for
acetylation.10 Since the H3 K115 and H3 K122 residues both
reside near the pseudo-2-fold axis, two symmetric pairs of these
residues are clustered together (Figure 1A). The peptide mass
fingerprinting analysis revealed that the H3 K115 and H3 K122
residues could be simultaneously acetylated.10 The flanking H3
R116 and H3 T118 residues have been identified as the sites
for a SWI/SNF-independent (Sin) mutation that alleviates the
transcriptional defects associated with the inactivation of the
SWI/SNF chromatin remodeling complex.42 The Sin mutation
destabilizes histone−DNA interactions.43−45 Although it is not
known whether a mutation at the H3 K115 or H3 K122 residue
leads to a Sin phenotype, a competitive reconstitution analysis
revealed that the acetylation of the H3 K115 or H3 K122 residue
reduces the free energy of the histone octamer binding to DNA.46

Unlike the acetylation of the H3 K115 or K122 residue, the free
energy is not altered by the H3 K115Q or H3 K122Q mutation,
suggesting that these mutations may not fully mimic the effect
of acetylation.46 However, the H3 K115Q and H3 K122Q
mutations reportedly exhibited distinct phenotypes in Saccha-
romyces cerevisiae: the H3 K115Q and H3 K122Q mutations each
reduced transcriptional silencing at telomeres and rDNA.47

The H3 K115 and H3 K122 residues are both involved in the
same salt bridge network with the oxygen atoms of the DNA
phosphate backbone, in the structure of the Xenopus NCP
(Figure 4A,C).31 The structures of the H3 K115Q and H3
K122Q mutant NCPs were determined at 2.4 and 3.5 Å
resolutions, respectively, and neither waters nor contacts
around the mutation sites were observed (Figure 4B, D). A
pronounced B-factor increase was not found for either the
DNA or histone atoms. The overall structure of the H3 K115Q
mutant NCP is almost identical to that of the wild-type NCP
(data not shown). On the other hand, the residues with
relatively high rmsd values were sparsely distributed on the
surface of the H3 K122Q mutant NCP (Figure 4E, labeled
residues). Consistently, the H3 K122 acetylation modestly
increased the rate of thermal repositioning of the NCP along
the DNA, whereas the H3 K115 acetylation did not change the

rate.46 Therefore, the modification or mutation of the H3 K122
residue may enhance the nucleosome mobility.
Structure of the H4 K31Q Mutant NCP. The H4 K31

residue has been identified as a site for acetylation and

Figure 4. Structures of the H3 K115Q and H3 K122Q mutant NCPs.
(A, B) Close-up views of the structures around the H3 K115 residue of
the wild-type NCP (A) and the H3 K115Q mutant NCP (B). The H3
K115 (A) and H3 Q115 (B) residues are shown in magenta. (C, D)
Close-up views of the structures around the H3 K122 residue of the
wild-type NCP (C) and the H3 K122Q mutant NCP (D). The H3
K122 (C) and H3 Q122 (D) residues are shown in magenta. Histone
H3 is colored cyan. Hydrogen bonds and salt bridges are denoted by
dashed lines. In panels B and D, the wild-type structure is super-
imposed and shown in white for comparison. (E) Overall structure of
the H3 K122Q mutant NCP. Histone subunits are colored as follows:
H3 is cyan, H4 is green, H2A is yellow, and H2B is pink. The
nucleotides with rmsd's ≥1.5 Å, as compared with the structure of the
wild-type NCP, are shown in black. Similarly, the histone residues with
rmsd's ≥0.6 Å are shown in space-filling representation. Flexible tail
regions with rmsd's ≥0.6 Å are not labeled, for clarity. The H3 Q122
residues are depicted as magenta space-filling models.

Figure 3. Structures of the H3 K64Q mutant NCP. (A) Close-up view
of the structure around the H3 K64 residue of the wild-type NCP. (B)
Close-up view of the structure of the H3 K64Q mutant NCP. Histone
H3 is colored cyan. Hydrogen bonds and salt bridges are denoted by
dashed lines. In panel B, the wild-type structure is superimposed and
shown in white for comparison. The H3 K64 (A) and H3 Q64 (B)
residues are shown in magenta. Water molecules mediating hydrogen
bonds are depicted as red spheres.
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methylation.48 This site was hyperacetylated in a mouse model
of lupus disease by an in vivo treatment with a histone
deacetylase inhibitor.48 The H4 K31 residue is located at the
N-terminus of the H4 α1 helix (Figure 1B), and its side chain is
extended in the major groove of the DNA (Figure 5A). The

side-chain Nε forms a water-mediated salt bridge with the DNA
phosphate backbone and a hydrogen bond with the guanine N7
amino group. These bonds seem to be disrupted in the H4
K31Q mutant NCP, based on two observations. (i) The
temperature factors of the H4 Q31 residue and the guanine in
the H4 K31Q mutant NCP were rather high, as compared to
those of the H4 K31 residue and the guanine in the wild-type
NCP and the mutant (H3 K79Q or H4 K77Q, see below)
NCPs determined at the same resolution (2.7 Å). (ii) The side-
chain amines of the H4 R35 residue, which form a salt bridge
network with the H4 K31 residue and DNA in the wild-type
NCP, face the opposite direction in the H4 K31Q mutant NCP
(Figure 5B). The H4 K31Q mutant forms a salt bridge between
the H4 R35 and H3 E50 residues (Figure 5B), but it does not
induce a large structural change.
Structures of the H4 K77Q and H4 K79Q Mutant

NCPs. Peptide mass fingerprinting of bovine histones revealed
that the H4 K77 and H4 K79 residues are acetylated.10 The H4
K79Q substitution leads to a loss of telomeric silencing and
rDNA silencing, whereas the H4 K79R substitution has no
effect on these phenomena in yeast.47 These results suggest that
the H4 K79 acetylation may disrupt the heterochromatin
structure in telomeric and rDNA loci. On the other hand, the
H4 K77Q substitution does not affect telomeric silencing,
whereas the H4 K77R substitution increases telomeric
silencing.47 The H4 K77 and H4 K79 residues are both
located on the H4 L2 loop connecting the α2 and α3 helices
(Figure 1B). The H4 K77 Nε group in the wild-type NCP
forms a water-mediated hydrogen bond with the DNA
backbone (Figure 6A). This hydrogen bond is missing in the
H4 K77Q mutant NCP (Figure 6B), but the impact on the
overall structure is minimal.
In the wild-type NCP, the H4 K79 residue forms a hydrogen

bond between the main chain amide nitrogen and a DNA

backbone phosphate and also forms a salt bridge between the
side chain Nε and a DNA backbone phosphate (Figure 6C).
The H4 K79 Nε atom also forms a hydrogen bond with a main
chain carbonyl oxygen of the H3 D81 residue in the H3 L1
loop (Figure 6C). In the H4 K79Q mutant NCP, the salt
bridge with the DNA and the hydrogen bond with the H3 D81
residue are disrupted, whereas the hydrogen bonds between the
main chain amide nitrogen at position 79 and the DNA
phosphate are retained (Figure 6D). The acetylated H4 K79
side chain may bend toward the outside of the NCP, as seen in
the H4 K79Q mutant side chain because there is no space to
accommodate an additional acetyl group on the H4 K79 Nε in
the original position (Figure 6C,D). Therefore, the acetylation
of the H4 K79 residue is predicted to have a similar structural
effect as the H4 K79Q mutation.
The loss of the hydrogen bond between H4 K79 and H3 D81

found in the H4 K79Q mutant NCP suggests that the acetylation
of the lysine may destabilize the interaction between H4 L2
loop and H3 L1 loop, which compose the DNA binding site.
Therefore, the acetylation of the H4 K79 residue may
allosterically weaken the histone−DNA interactions, in addition
to inhibiting the direct histone−DNA interactions by acetylation.

Figure 5. Structures of the H4 K31Q mutant NCP. (A) Close-up view
of the structure around the H4 K31 residue of the wild-type NCP. (B)
Close-up view of the structure of the H4 K31Q mutant NCP. Histone
H4 is colored green. Hydrogen bonds and salt bridges are denoted by
dashed lines. In panel B, the wild-type structure is superimposed and
shown in white for comparison. The H4 K31 (A) and H4 Q31 (B)
residues are shown in magenta. Water molecules mediating hydrogen
bonds are depicted as red spheres.

Figure 6. Structures of the H4 K77Q and H4 K79Q mutant NCPs.
(A, B) Close-up views of the structures around the H4 K77 residue of
the wild-type NCP (A) and the H4 K77Q mutant NCP (B). The H4
K77 (A) and H4 Q77 (B) residues are shown in magenta. (C, D)
Close-up views of the structures around the H4 K79 residue of the
wild-type NCP (C) and the H4 K79Q mutant NCP (D). The H4 K79
(C) and H4 Q79 (D) residues are shown in magenta. Histones H2B,
H3, and H4 are colored pink, cyan, and green, respectively. Hydrogen
bonds and salt bridges are denoted by dashed lines. In panels B and D,
the wild-type structure is superimposed and shown in white for
comparison. Water molecules mediating hydrogen bonds are depicted
as red spheres.
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Structure of the H4 K91Q Mutant NCP. The H4 K91
acetylation was first identified in bovine histones by peptide
mass fingerprinting.10 Subsequently, the acetylation of the H4
K91 residue was also found in yeast histone H4 that was
copurified with the nuclear Hat1p−Hat2p−Hif1p complex.49

Hat1p/Hat2p, a histone acetyltransferase type B complex, is
considered to catalyze the acetylation of newly synthesized
histones in the cytoplasm, and Hif1p is an H3/H4-specific
histone chaperone that functions in chromatin assembly.50

Therefore, it has been proposed that the newly synthesized H4
is acetylated on the K91 residue prior to its deposition onto
DNA and that the acetyl group of the H4 K91 residue is
deacetylated to allow the H3/H4−H2A/H2B association.49

In yeast, the H4 K91Q mutant reportedly exhibited
abnormalities in DNA repair and transcriptionally silenced
chromatin formation, whereas H4 K91R was apparently
normal.47,49 In the crystal structure of the human wild-type
NCP, the H4 K91 residue forms salt bridges with the H2B D65
residue (Figure 7A). These salt bridges are lost in the H4 K91Q

mutant NCP (Figure 7B). However, no changes in the
configuration between H4 and H2B are observed in the H4
K91Q mutant NCP, and the overall structural change is very
small. The two symmetric H4 K91 residues in the NCP are
located at the center of the nucleosomal disk, about 18 Å apart
(Figure 1A). These H4 K91 locations may be propitious to
change the nucleosome stability, by the loss of the salt bridges
at the H4 K91 residue. Therefore, the disruption of the salt
bridges at the H4 K91 residue in the H4 K91Q mutant NCP
may be responsible for the defective formation of transcrip-
tionally silenced chromatin, as seen in the yeast containing the
H4 K91Q mutant.47,49

Yan et al. reported that BBAP E3 ligase monoubiquitinates
the H4 K91 residue and confers a protective response to DNA-
damaging agents.51 When BBAP was depleted prior to exposure
to the DNA damaging agent doxorubicin, significant decreases
of the H4 K20 mono- and dimethylation and an increase of the
H4 K91 acetylation were observed.51 Hence, crosstalk might
occur between the acetylation and the ubiquitination at the H4

K91 residue. The H4 K91 residue is located in the interior of
the histone octamer, but there is sufficient space for acetyl
moieties, if the H4 K91 side chain is placed within the vacant
space and avoids the steric clashes with the H2B D65 and H4
T96 residues (Figure 7A). Our study revealed that the H4
K91Q mutant forms an NCP with a similar structure to the
wild-type NCP, without salt bridges between the H4 K91
residue and the H2B D65 residue (Figure 7B). The acetylation
of the H4 K91 residue in newly synthesized histone H4 may be
retained in chromatin, and it may play roles in transcription
promotion or the DNA damage response, in a similar manner
to the acetylation of the H3 K56 residue.52

Structures of the H3 K79Q and H4 K59Q Mutant
NCPs. The H3 K79 and H4 K59 residues are both exposed on
the disk surface of the NCP (Figure 1A). Acetylation at these
sites has not been reported, although these lysines are known to
be methylated. The H3 K79 methylation is one of the most
well-studied modifications in the histone-fold domain and is
involved in telomere silencing and meiotic checkpoint
control.53−55 The crystal structure of the NCP reconstituted
with the H3 K79 dimethylated histones revealed that the H3
K79 dimethylation does not affect the conformations of other
residues but only alters the side-chain conformation of the H3
K79 residue.56 The H3 K79 residue is located at the C-terminal
end of the H3 α1 helix (Figure 8A). In the wild-type NCP, the

H3 K79 side chain forms salt bridges with the H4 E74 side
chain (Figure 8A). On the other hand, in the H3 K79Q mutant

Figure 7. Structure of the H4 K91Q mutant NCP. (A) Close-up view
of the structure around the H4 K91 residue of the wild-type NCP. (B)
Close-up view of the structure of the H4 K91Q mutant NCP. Histones
H2A, H2B, and H4 are colored yellow, pink, and green, respectively.
The H4 K91 (A) and H4 Q91 (B) residues are shown in magenta.
Hydrogen bonds and salt bridges are denoted by dashed lines. In panel
B, the wild-type structure is superimposed and shown in white for
comparison. Water molecules mediating hydrogen bonds are depicted
as red spheres.

Figure 8. Structures of the H3 K79Q and H4 K59Q mutant NCPs.
(A, B) Close-up views of the structures around the H3 K79 residue of
the wild-type NCP (A) and the H3 K79Q mutant NCP (B). The H3
K79 (A) and H3 Q79 (B) residues are shown in magenta. (C, D)
Close-up views of the structures around the H4 K59 residue of the
wild-type NCP (C) and the H4 K59Q mutant NCP (D). The H4 K59
(C) and H4 Q59 (D) residues are shown in magenta. Histones H3
and H4 are colored cyan and green, respectively. Hydrogen bonds and
salt bridges are denoted by dashed lines. In panels B and D, the wild-
type structure is superimposed and shown in white for comparison.
Water molecules mediating hydrogen bonds are depicted as red spheres.
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NCP, the salt bridges are absent, but the H3 Q79 side chain
newly forms a hydrogen bond with the H4 E74 side chain
(Figure 8B). Therefore, the interaction between the H3 K79
and H4 E74 residues is maintained in the H3 K79Q mutant
NCP, and the change does not influence the conformations of
the proximal residues.
The H4 K59 residue has been identified as a methylation

site.10 The H4 K59A and H4 K59Q mutations lead to a rDNA
silencing defect.47 This suggests that the positive charge of the
H4 K59 residue is necessary for effective rDNA silencing. The
H4 K59Q substitution disrupts the H4 K59−E63 interaction
observed in the wild-type NCP (Figure 8C,D). However, the
loss of the H4 K59−E63 salt bridge only minimally affects the
overall structure of the H4 K59Q mutant NCP.
Structure of the H4 K44Q Mutant NCP. No modifica-

tion of the H4 K44 residue has been reported to date. However,
a significant change in the NCP structure with the H4 K44Q
mutation was observed in this study. The H4 K44 residue exists
on the H4 L1 loop, located near the entry and exit point of the
nucleosomal DNA (Figure 1A). The side chain of the adjacent
H4 R45 residue protrudes into the minor groove of the DNA,
and the H4 V43 residue contributes to the stabilization of the
H4 L1 and H3 L2 loops through hydrophobic contacts.
Mutations of these amino acid residues (H4 V43I, H4 R45H,
H4 R45C) display a Sin phenotype.42

Surprisingly, we found that the electron densities of the two
symmetric H2A C-terminal loop regions (H2A I111−K118)
are completely absent in the H4 K44Q mutant NCP, although
these H2A regions are clearly visible in the wild-type NCP
(Figure 9A,B). In the wild-type NCP, the carbonyl oxygen of
the H2A L115 residue is located 2.8 Å away from the Nε of the
H4 K44 side chain, and a hydrogen bond is formed between
them (Figure 9C). However, in the structure of the H4 K44Q
mutant NCP, the side chain of the substituted glutamine would
clash with the H2A L115 residue, if the H2A C-terminal loop
retained the same conformation as in the wild-type NCP
(Figure 9C,D). This steric hindrance may be the reason why
the H2A C-terminal loop is disordered in the H4 K44Q mutant
NCP.
The H4 K44 residue reportedly interacts with the Set2

methyltransferase, which di- and trimethylates the H3 K36
residue in S. cerevisiae, because the H3 K36 di- and trimethyla-
tions are significantly reduced in yeast strains expressing the H4
K44Q mutant.57 During transcription elongation in S. cerevisiae,
the Set2 methyltransferase catalyzes the H3 K36 methylation in
chromatin, behind the elongating RNA polymerase II. The
methylated H3 K36 residues provide binding sites for the
Rpd3S histone deacetylase complex, which cis- and trans-
deacetylates H3 and H4.58−61 These deacetylations may restore
the chromatin structure after the transit of RNA polymerase II
and prevent cryptic intragenic transcription. This process is
essential for proper transcription elongation. NSD2, the
mammalian homologue of Set2, also exhibits a severe reduction
in the H3 K36 methylation in the H4 K44Q mutant
nucleosome.62 Previous mutational studies suggested that the
H4 K44 residue and its proximal H2A L116−L117 residues in
S. cerevisiae (corresponding to the H2A L115−L116 residues in
human) compose the Set2 binding surface on the NCP.57,63 In
this study, we revealed that the H2A C-terminal loop region
(H2A I111−K118) is completely disordered in the H4 K44Q
mutant NCP (Figure 9A,B), and the Set2 binding surface is
perturbed in the mutant NCP (Figure 9E).

Perspective. In the NCP structures determined here,
except for the H4 K44Q mutant NCP, local changes at the
target sites were observed, but the overall global NCP
structures were only moderately altered, as in the previously
reported crystal structures of the Sin mutant NCPs,45 the
chemically H3 K79 dimethylated and H4 K20 trimethylated

Figure 9. Structure of the H4 K44Q mutant NCP. (A, B) Differences
between the wild-type NCP (A) and the H4 K44Q mutant NCP (B)
in the electron density maps around the C-terminal region of H2A. Fo
− Fc (contoured at 2.8σ) and 2Fo − Fc (contoured at 1.0σ) omit maps
calculated without the H2A N110−K129 residues are shown around
the omitted region in orange and white, respectively. The H4 K44 (A)
and H4 Q44 (B) residues are shown in magenta. Histones H2A, H3,
and H4 are colored yellow, cyan, and green, respectively. (C)
Interaction between the H4 K44 residue and the H2A C-terminal loop
in the human wild-type NCP. The H4 K44, H2A L115, and H2A L116
residues are shown with van der Waals spheres. Carbon atoms of
histones H2A, H3, and H4 are colored yellow, cyan, and green,
respectively. (D) Structure of the H4 K44Q mutant NCP in the same
orientation as in panel C. Stick and van der Waals models of the H2A
N110−K118 residues of the wild-type NCP are superimposed (white
carbon atoms). (E) Putative Set2 binding surface of the wild-type
NCP (left) and the H4 K44Q mutant NCP (right). The H2A
C-terminal loop of the wild-type NCP, which was disordered in the
H4 K44Q mutant NCP, is shown as a tube in the right panel for
comparison.
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NCPs,56 the H3 K56Q mutant NCP,20 and the NCPs
containing human H3 variants.21,29 On the other hand, the
histone H2A and H3 variants highly expressed in testis (such as
H2A.Bbd, H2AL2, and H3T) and CENP-A reportedly exhibit
abnormal stability and nucleosome morphology, in which the
DNA ends are quite flexible.21,38,64−67 The H3 K56, H3 K64,
H3 K115, H3 K122, H4 K31, H4 K77, and H4 K79 residues are
known to physically interact with DNA; however, the present
structures revealed that the acetyl-mimicking KQ mutations in
these residues did not affect the DNA binding path of the
nucleosome, unlike the histone variants. Therefore, the histone
acetylation may not drastically alter the binding mode of
nucleosomal DNA.
The crystal structures of the histone chaperone Asf1 (CIA in

human) complexed with histones H3 and/or H4 have been
reported.68−70 Since the H3 K115, H3 K122, and H4 K91
residues are located near the ASF1−histone interface, acetyla-
tions of these residues may reduce the histone binding by
ASF1. We found that the H3 K115Q, H3 K122Q, and H4
K91Q substitutions did not significantly affect the overall
structure of the NCPs. Therefore, the acetylation of the H3
K115, H3 K122, and H4 K91 residues may function to regulate
the interactions with histone chaperones. Further structural
studies will clarify this issue.
Interestingly, we found that the H4 K44Q mutation disrupted

the H2A C-terminal loop structure by a steric clash and
significantly deformed the configuration of the NCP surface,
which is thought to interact with the Set2 methyltransferase.
The positive charge of the H4 K44 residue is not considered to
be essential for interaction with Set2 because the yeast strains
expressing H4 K44R, H4 K44A, and H4 K44L exhibited wild-
type levels of H3 K36 di- and trimethylation.57 Therefore, the
perturbation of the H2A C-terminal loop by the H4 K44Q
mutation is presumed to inhibit the binding of Set2 to the NCP,
which causes the defect in the H3 K36 di- and trimethylation.57

A computational prediction from a clustering analysis of the
protein sequences identified the H4 K44 residue as a potential
acetylation site.71 If the H4 K44 residue is acetylated, then the
increased bulk of the side chain may lead to the perturbation
of the H2A C-terminal loop, as seen in the H4 K44Q mutant
NCP.
The KQ mutations are frequently employed in genetic, cell

biological, and biochemical analyses to understand the functions
of lysine acetylation in proteins, especially histones. The present
mutant NCP structures have clarified the structural con-
sequences of the KQ mutations in the NCP structures. This
is the first comprehensive crystal structural analysis of the
mutant NCPs. This study provides fundamental information for
future genetic, biochemical, cell biological, and computational
analyses, which will elucidate further details toward under-
standing the regulatory mechanisms of transcription, replication,
recombination, and DNA repair in chromatin by the histone
PTMs and mutations.
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