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Histone structure and
nucleosome stability
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Histone proteins play essential structural and functional roles in the transition between
active and inactive chromatin states. Although histones have a high degree of
conservation due to constraints to maintain the overall structure of the nucleosomal
octameric core, variants have evolved to assume diverse roles in gene regulation and
epigenetic silencing. Histone variants, post-translational modifications and interactions
with chromatin remodeling complexes influence DNA replication, transcription, repair and
recombination. The authors review recent findings on the structure of chromatin that
confirm previous interparticle interactions observed in crystal structures.
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The eukaryotic cell stores its genetic informa-
tion in DNA molecules that can be over 1 m in
length. The DNA is hierarchically packed in the
nucleus (up to ~2 x 10°5-times smaller in length)
with the aid of proteins to form a complex called
chromatin. The nucleosome core particle repre-
sents the first level of chromatin organization
and is composed of two copies of each of his-
tones H2A, H2B, H3 and H4, assembled in an
octameric core with 146-147 bp of DNA
tightly wrapped around it [1,2]. Nucleosome
cores are separated by linker DNA of variable
length and are associated with the linker histone
H1. The next level of chromatin organization is
the 30-nm fiber, which is composed of packed
nucleosome arrays recently found to be arranged
as a two-start helical model 31, and mediated by
core histone internucleosomal interactions.
Earlier models proposed by several groups have
not been extensively tested (reviewed in [4]),
probably due to technological limitations. Chro-
matin compaction can also be achieved by the
polycomb repression complex (PRC); a multi-
protein complex recently described by Francis
and colleagues that can alter the chromatin
structure of nucleosomal arrays [s].

The overall structural state of chromatin and
its domains controls both DNA replication and
the expression of genes. Core histones are char-
acterized by the presence of a histone fold
domain 6] and N-terminal tails of variable

length that are the subject of extensive post-
translational modifications (PTMs), which
have been implicated in transcriptional activa-
tion, silencing, chromatin assembly and DNA
replication (reviewed in [7]). PTMs are a com-
ponent of the epigenome that includes changes
to DNA and its connected proteins. These epi-
genetic modifications are switches for the regu-
lation of gene expression and are chemical
modifications of the DNA and histones that
do not result in changes to the DNA sequence.

Several chromatin states are likely to be
regulated and maintained in a tissue-specific
manner, making the DNA accessible to the
transcription  machinery  during  specific
periods of time and at precise locations. Recent
efforts to characterize the epigenome include
the characterization of methylated cytosines in
CpG dinucleotides (g, and global patterns of
histone modifications [9-12].

This review focuses on the histones including
structural information, sequence variants, PTMs,
interactions and contributions to chromatin
organization. Three main topics are addressed:

e Functional information obtained from
recent structural studies

« Functional roles of core histone variants in
chromatin

e Changes in chromatin structure due to
PTMs of core histones
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Nucleosome core particle organization

Core histones play structural roles in chromatin assembly and
compaction by forming the nucleosome. Nucleosomes were first
proposed by Kornberg and Thomas [13,14]. They described a par-
ticle that is a heterotypic tetramer (H3-H4), with two associated
dimers (H2A-H2B) 151 in the form ([H2A-H2B][{H3-H4},]
[H2A-H2B]). Associated with this octamer are about 147 bp of
DNA wrapped in 1.7 superhelical turns. Nucleosomes are con-
nected by a DNA linker of variable length that forms a 10-nm
beads-on-a-string array [16,17]. Structural details of the nucleo-
some core particle were obtained from a 7 A resolution crystallo-
graphic analysis 18], with an (H3),(H4), tetramer and two
H2A-H2B dimers at the core, and the DNA wrapped around it.
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Figure 1. Post-translational modifications in the nucleosome core
particle near the protein—DNA interface. (A) The nucleosome core
particle structure (Protein Data Bank accession code 1KX5) with the histone
modifications that could be involved in increasing nucleosome mobility. The
colours represent different histones: H3 (blue), H4 (light green), H2A (orange)
and H2B (yellow); the histone modifications are shown as spheres. (B) The
histone fold domain of H3 and H4 interacting in the characteristic handshake
motif. The figure was prepared with PyMOL [102].

Each of the core histones contain the histone fold domain,
composed of three a-helices connected by two loops [6,19,20],
which allow heterodimeric interactions between core histones
known as the handshake motif. Additionally, each core histone
also contains an N-terminal tail that is subjected to a wide vari-
ety of PTMs (reviewed in [7,21]). The core histone tails play
important roles in nucleosome stability [22], and may contrib-
ute to define the condensed state of the chromatin fiber and
higher order structures [231 by facilitating nucleosome assembly
or disassembly.

The 2.8 A resolution structure of the nucleosome core particle
revealed molecular details of the nucleosome core, particularly
the interactions between each of the histone chains 1. In
FIGURE 1A, each of the histones is depicted as a ribbon with dif-
ferent colors for each histone amino acid chain. The a-helices
are helically depicted and the unstructured N-terminal tails can
be seen on the outside of the DNA surface as unstructured
lines. Histones H3 and H4 form a tetramer through an
H3-H3" four-helix bundle. The two H2A-H2B dimers inter-
act with the H3-H4 tetramer, via two H2B—H4 associations, to
complete the octamer that is assembled in the presence of DNA
or high salt concentration. In addition to the histone fold
domain, the four core histones have tails that appear as dis-
ordered structures protruding from the center of the nucleosome
core. Moreover, the N-terminal H4 histone tail has internucleo-
somal interactions with histone H2A (a-helix 2) that could sta-
bilize higher order structures. Internucleosomal interactions
mediated by opposite charges were first observed in crystal
structures [1,21. Their biologic relevance was confirmed when
Dorigo and collaborators showed that nucleosome arrays could
be stabilized by using disulfide crosslinks between the N-terminal
H4 histone tail and a-helix 2 of histone H2A [3,24].

Structural characterization of nucleosome core particles from
a variety of organisms reveals striking similarities despite his-
tone tail and core variation (reviewed in [25,26]). The sequence
variability in the histone fold domain was recently reanalyzed in
a novel fashion using the structural information [277. Histone
H2B and H2A were found to be the most variable pair, whereas
H4 and H3 were the most conserved. Interestingly, a large frac-
tion of the positions where sequence variation in the histone
fold domain was observed had similar physicochemical proper-
ties (i.e., changes in sequence were mostly to physicochemically
conserved amino acids; e.g., leucine to isoleucine or valine, or
lysine to arginine). Additionally, they found that the degree of
conservation for a particular position was correlated with the
number of contacts observed in the crystal structures of the
nucleosome core particles [271. Therefore, sequence variation in
the histone fold domain appears to be functionally constrained.

Nucleosome core particle high-resolution structures reveal
functional detail

Early structural determinations of the nucleosome core particle at
22 A 2g1and at 7 A 18] exposed features about peptide chain ori-
entations and positions in the core that were well supported by
earlier biochemical analyses. The high-resolution structure of the
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Figure 2. Electrostatic surface potential of the nucleosome core particle (Protein Data Bank accession code 1KX5). The electrostatic potential ranges
from +20 (blue) to -20 (red) kTe™. (A) Side view of the nucleosome core particle. Note the distribution of positive charges (blue) around the DNA interface and the
core histone tails. (B) Top view of the nucleosome core particle. This surface has a number of negative charges (red) indicated by a green arrow in the exposed
protein surface of the histone octamer. The electrostatic potential mapped to the molecular surface was calculated using Graphical Representation and Analysis
of Structural Properties (GRASP) [69], and the figures were prepared with the Swiss-PDB Viewer [70].

nucleosome core particle determined by Luger and collaborators
revealed significantly more detail of the interactions within the
nucleosome and between nucleosomes in the crystal [13. Some of
the key features of this structure allow for the identification of
multiple contacts between protein—protein and protein—-DNA
interfaces. The core histones make contact with the DNA prima-
rily through the phosphodiester backbone. The lack of specific
contacts between the core histones and the DNA bases explains
how nucleosomes can pack DNA in a sequence-independent
fashion. A higher resolution structure of the nucleosome core par-
ticle revealed that DNA binding to the octameric core is accom-
plished by mainly three to six hydrogen bonds between the pro-
tein main chain amides and the DNA phosphate backbone [2].
The core histone tails are exposed on the outside of the DNA and
appear in the crystal structure as random coils, and may be
involved in internucleosomal interactions. Electrostatic potential
calculations of the nucleosome core particle surface (FIGURE 24)
reveals positively charged regions (blue shading) located in the
tails and along the surface where the DNA makes nonspecific
contacts with the octamer. In contrast, the electrostatic surface of
the octamer near the center of the exposed face is negatively
charged (red shading in ricure 28). The difference in electrostatic
surface potential is likely to play an important role in internucleo-
somal interactions via the core histone tails and may also contrib-
ute to the structural plasticity of the nucleosome core particle.
Indeed, Luger and colleagues observed internucleosomal inter-
actions in crystals between oppositely charged surfaces of the core
particle (see arrow in FIGURE 2) [1].

The large number of nucleosome core particle structures
determined provides a wealth of information and insight into
chromatin function (reviewed in [25]). Interestingly, the

nucleosome core particle can accommodate a variety of
sequence changes at protein—~DNA interfaces and protein—pro-
tein interfaces without major structural changes. In addition,
the crystal structures of several Swi-INdependent (Sin)
mutants, which were originally isolated because they alleviate
the transcriptional defects caused by SWI/SNF inactivation,
reveal only small changes in the overall structure of the nucleo-
some. Therefore, Sin mutations facilitate nucleosome sliding by
localized changes in protein—-DNA interactions while leaving
the nucleosome core particle structure mostly unchanged [29].

The structural data available for nucleosome core particles
indicate that even more substantial sequence changes intro-
duced by histone variants like H2A.Z can be accommodated
without major changes in the nucleosome structure [30]. An
interesting question would be which structural changes are
responsible for active and inactive chromatin states? It has been
proposed that the core histone tails and their PTMs could help
define chromatin states via changes in internucleosomal inter-
actions effecting changes in higher order structures that are not
evident at the nucleosome core particle level [231. Additionally,
PTMs found at the protein-DNA interfaces (FIGURE 2) could
increase the nucleosome mobility as suggested by Cosgrove and
colleagues [31].

Conservation of histone interactions in the nucleosomal

core particle

While histone structures are similar, it is useful to know what
structural variation, if any, exists at the interfaces between his-
tone pairs and to group these interfaces by structural similarity.
The authors performed a systematic comparison of interface
surfaces amongst all pairs of histones in 26 structures present in
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the Protein Data Bank (PDB) that contained more than one
histone fold domain. Each pair of histones with at least five
interfacial residue contacts (C,~C,, distance within 8 A) was
compared against all other pairs in all other structures using
structural alignments between corresponding domains. Once
two pairs were aligned, residues at the interaction surface were
compared using the alignment. If at least half of these inter-
acting residues occupied the same positions in the structural
alignment, the pairs were considered to interact in the same
mode and were grouped together with single linkage clustering
[SHOEMAKER & COWORKERS, UNPUBLISHED DATA].

The histone interfaces fall into eight distinct modes that are
listed for a representative nucleosome core particle structure,
(PDB:1KX5), in TaBLE1 and FIGURE 3 [2]. As expected, the two
modes with the largest interaction surfaces group the H3-H4
and H2A-H2B heterotypic dimer interactions. Each of the other
interaction combinations forms a unique structural interface that
is different from the first two modes, with specific contacts
between particular peptide chains. Across the complete set of
26 structures, each of these binding modes was conserved in each
of the structures with only one exception. This exception occurs
with the H2A-H2A (Mode 8 in TaBLE 1) interface in the nucleo-
some core particle structure containing H2A.Z (PDB:1F66) [30].

Table 1. Binding modes between core histones in a
representative nucleosome core particle (Protein Data
Bank identifier 1KX5).

Mode Histones No. of interface contacts
la H3|H4 135
1b H3|H4 138
2a H2A|H2B 133
2b H2A|H2B 132
3a H3|H2A 30
3b H2A|H3 30
4a H4|H2A 22
4b H2A|H4 22
5 H3|H3 19
6a H4|H2B 15
6b H2B|H4 12
Ta H4|H2B 8
70 H4|H2B 6
8 H2A|H2A 8
Note: Core histone interfaces were grouped into binding modes using structural
alignment. All interfaces and modes for the structure are listed including chain
locations, domains participating and the number of residue contacts at the
interface. The Protein Data Bank structures used in this study were: 1A0l, 1EQZ,
1F66, 1HIO, 1HQ3, 1ID3, 1KX3, 1KX4, 1KX5, 1M18, 1M19, 1IM1A, 1P34, 1P3A,
1P3B, 1P3F, 1P3G, 1P3lI, 1P3K, 1P3L, 1P3M, 1P30, 1P3P, 1S32, 1TZY and 2HIO.

This structure has a modification in the loop at this interface that
excludes it from clustering with the same interface in all of the
other structures. This is not surprising since the H2A.Z variant
has a different function in transcriptional activation.

TABLE 2 lists the principal residues involved in the interfaces
for modes 3-8 of the representative nucleosome core particle
structure (PDB: 1KX5) in TasLe 1. The Interface 1 column lists
the residues from the first histone and Interface 2 lists the resi-
dues from the second histone of an interface. Only structurally
conserved interfacial residues are listed to highlight the com-
mon features of a mode. Modes 1 and 2 are not shown due to
the extensive nature of their contacts. FIGURE 5a-F shows the
regions of contact between each histone peptide in the structure
(data from TaBLE 2). These interactions are all symmetrical, as
expected, and are highly conserved.

It is interesting to note that a couple of the binding modes
show common structural elements between them. Modes 1
and 2 are distinct, but a superposition of the longest helix in
chains A and C of the representative nucleosome core particle
structure (LKX5) shows some similarity between the H3-H4
and H2A-H2B interfaces. These are contacts in the known
handshake interaction between two histone fold proteins
(FiIGURE 1B) and distinguish these two modes as one group dis-
tinct from the rest [6]. The other groups have a lower number
of contacts and are not involved in similar handshake inter-
actions. There is also some similarity between Modes 5 and 7,
which are both positioned between the two types of histone
fold dimers; however, an adequate amount of structural varia-
tion is present to classify them separately. This comparison
shows that, while all histone domains share a similar structural
motif, they form interfaces with each other in a number of
unique ways. This interface specificity is consistent across
many variant histone sequences, demonstrating the flexible
and adaptable architecture of histone complexes.

FIGURE 4 shows the conserved regions of peptide sequences of
histones H4 and H2A that form the internucleosomal contacts
(these are contacts not shown in TasLEs1&2). The residues
K16, R19, K20 and R23 in H4 interact with residues E56,
E61, E64, D90, E91 and E92 in H2A. K16 and K20 can be
acetylated and would result in an alteration of the ionic inter-
actions between these two peptides and thus could modify
neighboring internucleosomal contacts, potentially providing a
path for the opening of the chromatin.

Histone variants

Eukaryotic chromatin is a highly dynamic macromolecular
assembly. Nucleosome particles can be modified in their com-
position, structure and location by chromatin remodeling
complexes that introduce PTMs to the core histones (reviewed
in [7,217) and leads to nucleosome removal and reassembly
(reviewed in [31,321). Additionally, the chromatin fiber can be
modified by the incorporation of histone variants (reviewed in
[33-35]) FIGURE 4. This would change local chromatin structure
by promoting nucleosome subunit exchange to facilitate cellular
processes such as transcription [3e] or development [37).
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Most eukaryotic organisms have multiple /
copies of histone genes; see the histone
database for a comprehensive collection of

histone sequences [101]. The major histone

H3 (135 aa)

protein genes are mostly present in gene
clusters and are expressed primarily during
the S phase of the cell cycle. These his-

H2A (129 aa)

tones are used for nucleosome assembly
and packing of newly synthesized DNA.

H4 (102 aa)

In contrast, some histone variants are
expressed throughout the cell cycle and

H2A (129 aa)

their expression is not restricted to the
S phase (reviewed in [34).

H3 (135 aa)

Core histone variants
Histone H2A

H3 (135 aa)

H2A is the core histone with the largest

H4 (102 aa)

number of variants. The histone H2A vari-
ants include H2A.Z and H2A.X, which
are found in most eukaryotes, and H2A.

H2B (125 aa)

Bbd and MacroH2A are only found in
vertebrates. The H2A histone variants are

H4 (102 aa)

characterized by their divergent C-terminal
sequences and their genome localization.

H2B (125 aa)

H2A.Z has been implicated in transcrip-
tional activation in yeast by preventing the

D H2A (129 aa)

[ H2A (129 aa)

spread of silent heterochromatin [3s].
H2A.Bbd was recently described as a
histone variant that is excluded from
inactive X chromosomes [39. H2A.Bbd
has a truncated C-terminal tail and its
localization correlates with transcription-

ally active chromatin. Recent studies meas- | ,5: Amino acids.

Figure 3. Schematic representation of the regions of the core histone sequences in pairs of
interacting chains. Each core histone is represented by a black line drawn to sequence length scale,
the location of interacting residues is indicated by colored boxes depending on the interacting mode
(see TABLE 2 for details; each mode in TABLE 2 is identified). The box encompasses all residues in the
region of contact. Specific residues are identified in TABLE 2.

ured changes in nucleosome conformation
as a function of variations in ionic
strength, indicating that nucleosomes containing H2A.Bbd are
less stable [40,41]. On the contrary, the MacroH2A histone vari-
ant has been found primarily in the chromatin of inactive X
chromosomes [42] characterized by the presence of an addi-
tional large nonhistone macrodomain that is likely to have
enzymatic activity [43]. However, it is not clear if chromatin
inactivation is due to an enzymatic activity and/or a steric
block that impedes access by transcription factors or the chro-
matin remodeling machinery [44. H2A.X is characterized by a
C-terminal extension with the consensus SQ[E/D]®, where ©
represents a hydrophobic amino acid. The serine residue in the
consensus is phosphorylated in response to double-strand
DNA breaks 45]. Additionally, phosphorylation of H2A.X has
been found to aid in the recruitment of proteins involved in
DNA repair [46,47].

Histone H2B

Histone H2B variants are few in number and those that have
been documented have specialized roles in chromatin compac-
tion during gametogenesis. The H2B variant documented in sea

urchin has an N-terminal tail with a characteristic pentapeptide
repeat that is highly charged [48,49). Additional H2B variants
have also been found in male gametic cells from lily s0] and,
more recently, in bovine (513 and human spermatozoa [s2],
however, their specific roles remain to be elucidated.

Histone H3

Histone H3 variants include H3.3, CenH3 and H3.4. H3.3 is
a histone variant that is not S-phase regulated and is found in
transcriptionally active chromatin [53). H3.4 is a testis-specific
H3 variant found in primary spermatocytes [54,55]. The CenH3
variant is localized in centromeric chromatin; their N-terminal
tails are extremely divergent and share no sequence similarity
with canonical H3 [33].

Histone H4

Histone H4 is the most highly conserved histone. H4 makes
extensive contacts with the other three core histones in the
nucleosome core particle and is thus constrained in its sequence
variability. H4 has no known sequence variants; indeed, there are
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even identical sequence variants that are expressed in a cell cycle-
independent manner as opposed to the predominant synthesis
period for histones in the S phase of the cell cycle [se].

Histone modifications, structural changes & the molten globule
state of the nucleosome core particle

Core histone tails can be reversibly modified by acetylation,
methylation, ubiquitination and phosphorylation among oth-
ers [71. While many studies have identified the N- and C-termi-
nal tails as the main targets for such modifications, recent analy-
sis has shown several modifications within the histone core [57].
This finding has prompted further analysis of the role of these
modifications at the histone-DNA interface in the chromatin.
The precise mechanisms of how these modifications regulate
changes in chromatin structure remain unclear.

The notion of the cell’s ability to decipher histone modifications
resulted in the concept of a histone code [21,58], which has also
been subject of a controversial debate [s9]. A recent study by
Dion and colleagues discovered a simple histone acetylation
code in H4 that has challenged this model [113. Dion and col-
leagues found that H4 modifications are interpreted by two dis-
tinct mechanisms, one nonspecific (for lysines 5, 8 and 12) and
one specific (for lysine 16). In the nonspecific mechanism,
changes in gene expression of nearly 1200 genes were due to
cumulative acetylation effects. Dion and colleagues demon-
strated that there is a strong correlation between transcription
and the total number of sites that can be acetylated in H4 tails.
On the contrary, in the specific mechanism, the transcriptional
changes did not follow a cumulative model and caused a unique
transcriptional phenotype independent of the mutational state
of the other lysine residues affecting approximately 100 genes.
Interestingly, the specific mechanism involves histone H4
lysine 16, which is part of a region that makes intercore particle
contacts with an H2A-H2B dimer of the adjacent particle [1,2,
thus indicating that charge changes at interparticle interfaces or
other key residues subject to PTMs may play critical regulatory
roles. In addition, K56 in histone H3 is specifically acetylated

in a subset of active genes [s0]. Furthermore, several modification
sites have been identified on the protein surface of the core par-
ticle using mass spectrometry (e.g., H4K79, H4K77 and
H2BK120). These could well play a similar role to H3K56,
but for different subsets of genes. Therefore, histone acetyla-
tion events alter specific interactions, thereby influencing
nucleosome dynamics in a complex way.

This review will focus on several experiments that indicate
the importance of charge-dependent interaction alterations
resulting from hyperacetylated nucleosomes. Electron micro-
scopy (EM) studies by Oliva and colleagues found that hyper-
acetylated nucleosomes lose their compact shape and become
elongated when bound to electron microscope grids at low
ionic strength 61). The alterations in shape observed by these
authors could well represent the range of possible structures
that result from different intranucleosomal dynamic inter-
actions. Later, Dunker and colleagues studied the effect of
hyperacetylation on nucleosome stability using atomic force
microscopy [62]. They subjected nucleosomes to increasing
forces until the nucleosomes were crushed, and observed that
hyperacetylation makes nucleosome core particles less rigid.
They proposed that charge changes due to hyperacetylation
promote conversion of nucleosomes to a less rigid form or a
molten globule state [e31. The molten globule state is a non-
compact state with partial order and can be induced in some pro-
teins under certain conditions such as changes in temperature,
pH, charge imbalance or presence of protein denaturants. The
molten globule state has some native secondary and tertiary
structure but lacks well-packed side chains [63. Numerous
transitions from or to unstructured states have been reported in
the literature to explain biologic processes that range from
molecular recognition s4], molecular assembly and disassembly
in viruses and phages [e5] to several cellular control mechanisms
[66,671. Furthermore, Brower-Toland and colleagues examined
the effect of core histone tail acetylation on nucleosomal stabil-
ity by studying the mechanical disruption of individual nucleo-
somes in a single chromatin fiber using an optical trap [22).

Table 2. Interface core histone residues in a representative nucleosome core particle (Protein Data Bank identifier 1KX5).
Mode Histones Interface 1 Interface 2
3a/b H3|H2A L48,151,R52,055-L60,E94,A95,A98, R81,7101,A103-1111
112vur
4alb H4|H2A R40,G42,K44,G94-G99 R99-A103,v107,N110,1111
5 H3|H3 D106,L109,C110, D106,L109,C110,H113-K115,L126,A127,1130,R131
H113-K115,L126,
A127,130,R131
6a/b H4|H2B Y98-F100 K57,A58,560,161,564,F65
Ta/b H4|H2B D68,T71,Y72,H75A76 L80,N84,796,L.100
8 H2A|H2A N38-E41 N38-E41
Note: The smaller histone interfaces with fewer numbers of contacts are listed in greater detail. Structurally conserved residues at each interface are listed under
Interface 1 for the first histone listed and under Interface 2 for the second histone listed.
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Figure 4. Conserved regions of histones H4 and H2A, which are the contacts for internucleosomal interactions. Sequence logo representation of
multiple sequence alignments of histone H4 and H2A. The multiple sequence alignments were obtained from the Histone Database [101]; secondary structure
elements are shown as lines (loops) and boxes (helices). The amino acids that make contacts in the crystal structures are marked above the sequence logos.
(A) Histone H4 alignment around the basic region that mediates internucleosomal interactions. Lysine 16 and 20 can be subject to post-translational
modifications. (B) Histone H2A alignment around the acidic region that mediates internucleosomal interactions. The figure was prepared with WebLogo [71].

Nucleosome acetylation levels were controlled by using free
core histones and recombinant histone acetyltransferase p300
followed by chromatin reconstitution. These mechanical dis-
ruption experiments showed that acetylation decreases the
resistance of the nucleosome to mechanical unfolding, in addi-
tion to decreasing the average amount of DNA stably bound to
the octameric core.

The data reviewed here on the effect of hyperacetylation on
nucleosome stability provide support for the hypothesis raised
by Dunker and colleagues that the molten globule state in
nucleosomes could be induced by charge changes resulting
from histone hyperacetylation [62]. Mechanistically, it is possi-
ble that nucleosome changes into the molten globule state
could generate local deformations that facilitate access of regu-
latory factors to DNA without nucleosome disassembly. It is
also entirely possible that chromatin and nucleosomes are in an
equilibrium moving in and out of the molten globule state
with only a few modifications necessary to result in an altered
state. Simple and cumulative acetylation effects such as the
ones observed by Dion and colleagues [11], as well as other
recent studies [57,60], are also consistent with this theory. There-
fore, understanding nucleosome structure in terms of the molten
globule theory may provide further insight into the structural

and functional changes that could be induced by histone
hyperacetylation. However, extending the theory to higher
order chromatin structure would indeed require new data.
Assuming that chromatin is dynamic and adopts a variety of
active and inactive states, the structural changes necessary to
achieve these multiple states might be more open to several
easily interchangeable molten globule-like states at energy
minima, as opposed to the unyielding structures that are per-
ceived to be similar to the rigidity of a metaphase chromosome.
Thus, any chromatin state would not be fixed in an immovable,
discrete low-energy trap.

Nucleosome arrays

Recent technologic advances are shedding light on the mechanism
of nucleosome array folding into compact, higher order struc-
tures. Dorigo and colleagues assembled a well-defined nucleo-
some array composed of recombinant unmodified core histones
and DNA with a strong nucleosome positioning sequence [24].
These nucleosome arrays were highly homogeneous and con-
tained a saturated amount of histone octamers. Dorigo and col-
leagues evaluated the specific contribution of individual histone
tails to the formation of higher order structures in chromatin
fibers and found that the H4 N-terminus is necessary to obtain
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fully compacted chromatin fibers. In addition, the specific
region of the histone H4 tail, which mediates compaction, was
identified between amino acids 14-19. Luger and collaborators
observed interparticle interactions in the crystal structure of
nucleosome core particles between the basic side chains of
amino acids 1625 of the H4 tail and a highly acidic region of
the H2A-H2B dimer [1,21. Thus, the results from Dorigo and
collaborators confirm the biologic relevance of the interparticle

contacts observed in the crystal structures [3,24]. However, a
recent low-resolution structure of a tetranucleosome suggests
that nucleosome packing is polymorphic [es], therefore, the
interfaces between nucleosomes are subject to change depending
on the local level of chromatin compaction.

The condensation state of the 30-nm fiber depends on
internucleosomal interactions that appear to be modulated, at
least in part, via charge-dependent interactions between the

basic histone H4 N-terminal tail region
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The figure was prepared with PyMOL [102].

Figure 5. Conserved binding modes in a representative nucleosome core particle structure.
TABLE 2 describes the specific interface residues involved in the conserved interaction. Core histones are
represented as molecular surfaces and are colored the same as for FIGURE 1: histone H3 (blue), H4 (light
green), H2A (orange) and H2B (yellow). The crystallographic dyad is indicated by a dyad symbol.

(A) Conserved binding mode 3, interaction between H3 and H2A. (B) Conserved binding mode 4,
interaction between H4 and H2A. (C) Conserved binding mode 5, interaction between H3 and H3.

(D) Conserved binding mode 6, interaction between H4 and H2B. (E) Conserved binding mode 7,
interaction between H4 and H2B. (F) Conserved binding mode 8, interaction between H2A and H2A.

(see residues K16, K19, K20 and K23 in
FIGURE 4A) that is highly conserved, and an
acidic region in the exposed surface of the
H2A-H2B dimer (red patch in FIGURE 18)
that is also highly conserved (see residues
E56, E61 and E64 in FIGURE 4B).

Further structural characterization of
nucleosome arrays stabilized by the intro-
duction of specific disulfide crosslinks at the
H4-H2A interparticle interface provided
evidence for the structure of the 30-nm
chromatin fiber in agreement with a two-
start helical model [3. Understanding the
key surface contacts that create these higher
order structures and how they are modulated
is a challenge that has not been completely
addressed with current technologies.

Expert commentary
Histones play critical roles in the establish-
ment of the first and most basic level of
chromosome organization, the nucleo-
some core particle. High-resolution struc-
tures of the nucleosome particle have
revealed important details about pro-
tein—protein and protein-DNA inter-
actions that explain why they are some of
the most conserved protein families char-
acterized to date (histone H4 in particu-
lar). Core histones share a structural motif
known as the histone fold domain, formed
by three a-helices connected by two loops.
Nucleosome core particle assembly is a
stepwise process that requires prior assem-
bly of histone dimers H3-H4 and
H2A-H2B. Specific constraints have been
imposed on the core histones to maintain
the overall structure of the nucleosome.
However, in some instances, histones
have diversified throughout eukaryotic
evolution to assume specialized roles to
modulate chromatin function. These his-
tone variants have specific expression pat-
terns, chromosomal localization and can
be exchanged with the major forms to
effect changes in chromatin structure.
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Thus, histone variants have the potential to alter chromatin
structure at the nucleosome core particle level and at higher
order structure level.

Histones can also be subjected to a variety of PTMs that alter
chromatin structure by charge-induced changes in the nucleo-
some core particle. Charge changes may have cumulative struc-
tural effects depending on the total number of PTMs at a par-
ticular chromatin location. On the contrary, PTMs at key
residues such as those involved in internucleosomal inter-
actions, may lead to more targeted chromatin changes. PTMs
can also promote nucleosome disassembly or assembly and may
involve interactions with chromatin remodeling complexes and
histone chaperones.

Five-year view

Nucleosome core particle structures available in public databases
provide a wealth of information about the fundamental unit of
chromatin organization. However, the detailed molecular
arrangement of multiple nucleosome core particles in chroma-
tin fibers remains unknown. Despite great advances from the
Richmond Laboratory, who have contributed to our knowledge
of the 30-nm chromatin fiber organization, structural details of
nucleosome arrays remain to be elucidated [324]. The authors
expect that nucleosome core particle structures for other model
organisms will become available, as well as structures where
additional histone variants have been incorporated. These stud-
ies will provide another insight into determining how transcrip-
tion regulation is affected by the modification of nucleosome
core particles. Additionally, the authors expect to see develop-
ment of novel techniques or improvement of existing ones to
probe the structure of the chromatin fiber or to obtain higher
resolution images of nucleosome arrays.

Charge effects due to PTMs can have a great impact in gene
expression [11]. The authors expect to see systematic studies to
elucidate the effects of PTMs in the core histones on global
gene expression. Such studies will identify residues that, when
modified, will alter gene expression patterns in a collective fash-
ion in addition to identifying key residues that may alter gene
expression in a specific manner. Such key residues will be

Histones and nucleosome stability

present at protein—protein interfaces and the charge-induced
changes at these locations may be sufficient to significantly
affect both intra- or internucleosome interactions.

In addition, atomic force microscopy experiments on reconsti-
tuted nucleosomes with variously acetylated histones would shed
further light on the global effect of these histone modifications
on nucleosomal stability and higher order structures.

Finally, little is known about the mechanistic aspects of how
chromatin can be assembled invivo and how core subunit
exchange can occur in addition to the proteins involved in these
processes. Such studies will also shed light on the mechanisms
of epigenetic inheritance.
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/Key issues

= Core histone proteins are some of the most conserved
protein families known to date due to their critical role in
chromatin structure and function.

= Histone variants, post-translational modifications and
interactions with chromatin remodeling complexes facilitate
changes in chromatin structure and function that are also
regulated throughout the life of an organism and at specific
chromosomal locations.

« Histone variants have evolved to assume specialized roles in
different chromatin functions, such as the control of gene
expression, epigenetic silencing and centromere integrity.
The number of histone variants appears to be greater in
higher eukaryotes.

« Charge-dependent interactions at key residues that are
subject to post-translational modifications can have
profound effects in chromatin function by affecting
internucleosomal interactions or by inducing structural
changes at protein—protein or protein-DNA interfaces.
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