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Abstract
Chromatin plays a fundamental role in eukaryotic genomic regulation, and the increasing
awareness of the importance of epigenetic processes in human health and disease emphasizes the
need for understanding the structure and function of the nucleosome. Recent advances in
chromatin structural studies, including the first structures of nucleosomes containing the Widom
601 sequence and the structure of a chromatin protein-nucleosome assembly, have provided new
insight into stretching of nucleosomal DNA, nucleosome positioning, binding of metal ions, drugs
and therapeutic candidates to nucleosomes, and nucleosome recognition by nuclear proteins.
These discoveries ensure promising future prospects for unravelling structural attributes of
chromatin.
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Introduction
As the basic repeating subunit of chromatin, the nucleosome assembly of histone proteins
and DNA is a key participant in genetic processes [1–3]. For many years, the main function
of the histone packaging of DNA was considered to be to compact the double helix into a
repressive structure, with the more interesting aspects of gene activation occurring when the
DNA was freed of its protein wardens. We now understand that the nucleosome is an active
participant in both the repression and activation of eukaryotic genes, and that the proper
coordination of gene expression involves the dynamic action of hundreds of chromatin
protein factors.

Nucleosomes consist of a nucleosome core, entailing 145 to 147 bp of DNA in complex
with a histone octamer of H2A, H2B, H3 and H4 proteins, in addition to a variable length of
linker DNA that can be associated with linker histones. The positioning of histone octamers
on the double helix in vivo is influenced by DNA sequence and other nuclear factors [2].
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Genome-wide mapping of nucleosomes in several organisms has shown that a nucleosome-
free region precedes a well-defined nucleosome positioned at the transcription start site of
genes, which is followed by a series of positioned nucleosomes in the body of the gene [4].
Beyond nucleosome positioning, gene activity is further regulated by alteration of
nucleosome composition through histone variant substitutions, DNA methylases and histone
modifying enzymes, and by dynamic rearrangement of nucleosomes through the activity of
chromatin remodelling factors [5–7]. Lastly, the nature of higher order interactions between
nucleosomes in the chromatin fibre can determine gene activation status, such as highly
compact states associated with silenced regions [8,9]. Therefore, three outstanding questions
in chromatin biology and eukaryotic gene regulation are: what is the basis for the non-
random (non-statistical) positioning of nucleosomes, how do chromatin enzymes, factors
and small molecules recognize and act upon their nucleosome substrates and what higher
order structures are relevant to which chromatin states?

Since the first crystallographic studies of the nucleosome core particle (NCP) in the mid to
late 1970s [10–12], structural investigations of the nucleosome have provided a wealth of
information to understand chromatin biology. Here we focus on exciting progress and
insights provided by recent structural characterization of nucleosomes and nucleosome
assemblies. These findings explain how a chromatin factor binds to the nucleosome, provide
critical insight into the contribution of DNA sequence to nucleosome positioning and
structure and illuminate how small molecules, including metal ions and therapeutic agents,
interact with the nucleosome.

Assemblies with Protein Factors
In contrast to the richness of data available for the NCP s internal organization, we currently
possess relatively sparse information about how the nucleosome is recognized by an
increasing number of chromatin enzymes and factors being discovered. In the 13 years since
the 2.8 Å resolution structure of the NCP [13], only synthetic DNA minor groove ligands
had been cocrystallized with the nucleosome (Table 1) [14,15]. Fortunately, the technical
problems of cocrystallizing a chromatin protein in complex with the NCP have recently been
overcome

RCC1 is the guanine-exchange factor for the Ran small GTPase [16]. RCC1 recruits Ran to
chromosomes by directly binding to nucleosomes, and activates Ran s nucleotide exchange
activity to create a concentration gradient around the chromosomes of Ran in its GTP bound
state. This RanGTP gradient is a critical nuclear signal for mitotic spindle formation and for
nucleocytoplasmic transport of macromolecules. The crystal structures of the RCC1 β-
propeller on its own and in complex with Ran determined previously had explained how
RCC1 activated Ran s enzymatic activity [17,18], but the structural basis for how RCC1
interacted with the nucleosome was not known.

Makde et al have determined the crystal structure of the 300 kDa RCC1-NCP complex at 2.9
Å, providing the first atomic view of how a chromatin protein interacts with the nucleosome
(Figure 1a) [19]. The structure shows that RCC1 recognizes the architecture of the
nucleosome by interacting with both histone and DNA components. As expected, one RCC1
binds to either side of the nucleosome disk. However, contrary to expectation, RCC1 uses
loops along its β-propeller edge and not its broader βpropeller face to bind to the
nucleosome.

RCC1 s interaction with the H2A/H2B dimer component of the nucleosome accounts for the
majority of the intermolecular interactions (Figure 1b) [19]. RCC1 employs Arg and Ser
residues in its switchback loop to make an intricate network of hydrogen bonds with a
prominently acidic patch on the histone dimer surface; the same acidic patch that the
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herpesvirus LANA peptide binds to [20] and the same acidic patch proposed to mediate
chromatin higher order structure together with the histone H4 N-terminal tail [21,22]. This
intriguing coincidence raises the possibility that additional chromatin proteins will target this
histone dimer acidic patch for recognition. This RCC1 switchback loop-histone dimer
interaction had been anticipated by biochemical studies by England et al [23], but RCC1 s
additional interactions with the DNA phosphate backbone by an adjacent loop region were
not expected.

Besides showing how a chromatin protein recognizes the nucleosome assembly, the RCC1-
nucleosome crystal structure also provides the first crystal structure of the NCP in the
absence of divalent metal ions [19]. The overall structures of the NCP on its own (Mn2+

used as a crystallizing agent) and in the RCC1-nucleosome complex (in the absence of
divalent metal ions) are highly similar, suggesting that the structure of the NCP is not
significantly affected by either the presence or absence of divalent metals. The RCC1-
nucleosome crystal structure also provides a first structure of a Widom 601 DNA sequence
NCP [19], together with the structure of a Widom 601 NCP on its own by Vasudevan et al
[24] and by Koerber et al (manuscript in preparation; see below).

Nucleosomal DNA Structure
The precise conformation of DNA as it wraps around the histone octamer is fundamental to
understanding the structure and function of the nucleosome. The 1.94 Å resolution NCP
structure containing a 147 bp human α-satellite fragment showed how the double helix
conformation depends on the interplay of the DNA sequence with its precise positioning on
the histone octamer [25,26]. DNA sequence dependent nucleosome structure and
thermodynamics arise from the oscillation in DNA groove orientation with respect to the
histone binding surface, whereby the major groove faces inward at integral SHL
(SuperHelix Location = number of double helical turns from the nucleosome center) values
and the minor groove faces inward at one-half SHL values (Figure 2a and 2b; major groove-
inward regions, black/grey bases, minor groove-inward regions, orange/white bases).
Moreover, the identity and configuration of specific histone binding motifs can influence
DNA structure and promote stretching of the double helix (Figure 2b) [26].

Until recently, all NCP structures contained human α-satellite DNA fragments, mostly the
same 146 bp symmetric sequence utilized in the original structure reported at 2.8 Å
resolution (Table 1) [13]. That structure (NCP146) showed that the DNA was stretched by
one base pair in one half of the pseudosymmetric complex around SHL 2 (Figure 2a). DNA
stretching in the nucleosome is achieved by elevated dinucleotide twist and rise parameters,
which cause a shift in the histone-DNA register by a single base pair increase in the
effective length (the number of base pairs plus the number of stretching incidences) of the
double helix [24,27].

Subsequent to the determination of the original structure, other NCPs containing α-satellite
DNA of varying length and sequence have displayed one base pair stretching around SHL
±2 and SHL ±5 but not at other positions (Figure 2a). SHL ±2 and ±5 are flanked,
respectively, by a unique configuration of H3–H4 and H2A-H2B DNA-binding motifs
(Figure 2b). It appears that the double helix is strained or distorted at these positions and
must choose between being compressed and underwound in the unstretched state or
expanded and overwound in the stretched state [24,27]. The evidence suggests that both
long-range positioning preferences and local sequence dependent DNA structure within the
potential stretched region determine the outcome.

It was originally assumed that stretching was an artifact of the crystalline state since the
DNA termini from adjacent NCPs stack end-to-end in the crystal, and this could potentially
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modulate the effective DNA length [13]. However, the phenomenon of DNA stretching
occurs in the solution state [28,29], in most and in diverse NCP crystal structures [24] and
even in the RCC1-NCP co-crystal structure, where direct NCP-NCP crystal contacts are
completely absent [19]. DNA stretching is not unique to nucleosomes containing α-satellite
DNA sequences since it is also observed in the RCC1-NCP structure [19] and a separate
NCP only structure [24], both of which contain a distinct nucleosome positioning DNA
fragment—the Lowary and Widom 601 sequence discovered through selection from
synthetic random sequences [30]. Despite different DNA lengths (145 and 147 bp) and very
different crystal packing, these two 601 NCPs show DNA stretching around SHL ±5 (Figure
2a). Further evidence for stretching is provided by analyses of the average DNA surface
periodicity within the nucleosome core of genomic samples [31–34], which generally yield
local reference frame double helix twist values in agreement with those determined from
NCP crystal structures that display DNA stretching [24,26,27]. Therefore, we conclude that
DNA stretching is an intrinsic, site-specific property of the nucleosome.

DNA stretching in the nucleosome bears both biological and methodological significance. In
vivo, stretching likely influences protein factor and small molecule recognition and
modulates nucleosome positioning and chromatin compaction. In vitro, it appears to be the
single most important factor determining NCP crystal diffraction quality. If one considers
NCP only crystals that contain Xenopus histones, all display an effective DNA length of 147
bp once stretching is accounted for, and thus all allow for similar DNA end-to-end crystal
packing [24]. This observation has emerged as a key principle behind the design of diverse
DNA sequences for NCP structural characterization.

The importance of highly flexible base pair steps in nucleosome positioning was apparent
early on from analyses of the highest affinity histone octamer-binding sequences discovered
in vitro and in vivo. In this regard, the occurrence of the most flexible dinucleotide type, TA
[35–37], is paramount, and these bp steps tend to be enriched in the highest affinity DNA
sequences, such as the 601, at locations where the double helix is forced to undergo maximal
minor groove bending/compression (Figure 2a, center of orange sequence elements).
Notably, this mode of DNA deformation generally requires greater energetic input compared
to bending into the major groove [38].

Although all of the core histone-DNA binding sites apparently contribute to nucleosome
positioning, the special positioning power of TTTAA elements in vitro and TATAA
sequences in vivo may arise from the imposition of an extremely narrow minor groove at
SHL ±1.5 via a unique, conserved histone motif that clamps the DNA (Figure 2c) [39]. Such
DNA sequences are seemingly ideal at this location since they intrinsically adopt a narrow
minor groove, while they simultaneously contain a TA dinucleotide where the DNA tends to
be maximally distorted. It is interesting to note that the only sequence element common to
both halves of the Widom 601 strong nucleosome positioning fragment is TTTAA at SHL
±1.5 [19,24] and further that the DNA conformations in all nucleosome crystal structures
align particularly well within the region between SHL 1.5 and SHL 1.5.

Complexes with Small Molecules
The potential for developing molecular probes or therapeutic agents that act on the
nucleosome has been explored by Luger, Dervan, Gottesfeld and colleagues with their work
characterizing the site-specific DNA-binding of pyrrole-imidazole polyamides [14,15,40].
Compared to naked DNA, the nucleosome offers additional features such as the histone
proteins and juxtaposed double helix components as binding targets. For instance, a hairpin
polyamide dimer has been cleverly designed to associate with two adjacent minor groove
sections (the so-called “supergroove”) on the nucleosomal superhelix [15].
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Recent work has identified other unique features of the nucleosome to target. Notably, DNA
stretching can be associated with extreme kinking, in which two consecutive base pairs are
unstacked at either the major (negative roll) or minor groove edge (positive roll) [24,27].
The severe unstacking provides a localized increase in dinucleotide rise, underlying the
DNA stretch . In a 145 bp NCP construct displaying stretching around both SHL 2 and SHL
2, a massive kink into the minor groove (roll, 55°) can occur at SHL ±1.5 [27], which serves
as a recognition site for an intercalating alkylative antitumor agent (Figure 3a) [29]. The
kink promotes intercalation at the opened major groove edge, and since it coincides with a
GG dinucleotide, it predisposes the guanine N7 atom to alkylation by the epoxide group.
This may have general implications for the localization of intercalating compounds in the
cell and opens up new possibilities for the design of more site selective intercalating species.

Another class of nucleosome binding small molecules with therapeutic potential is heavy
metal cations. The high electron density and anomalous scattering properties of heavy
metals facilitate characterization of their binding sites by X-ray crystallography. Recent
work on platinum anticancer drugs has yielded new insight into principles that may govern
the chromatin site selectivity of these agents [41]. In particular, it was found that platinum
adducts can be accommodated without large conformational changes in the nucleosome
core, even at central locations where histone-DNA contacts are strongest (Figure 3b).
Supporting footprinting studies demonstrated that histone octamer association can alter the
drug adduct formation profile, relative to naked DNA; an exciting prospect because it
suggests that one may be able to improve site selectivity by exploiting such nucleosome-
based modulation. Elucidating the basic mechanistic features of platinum drug-DNA
reaction and cross-link formation will be important next steps.

Beyond studies of therapeutic metal compounds, recent nucleosome crystallographic work
on heavy metal cation interactions has shed light both on their pathological potential as well
as the essential function that ubiquitous cations in the nucleus serve (Figure 3c,d,e). Ni2+

and Co2+ are significant industrial pollutants, especially in developing nations, and their
carcinogenic properties likely relate to epigenetic alterations as well as DNA damage
[42,43]. These divalent cations were found to bind extensively to guanine bases and
histidine and carboxylate sites in the NCP [44]. In particular, the presence of Ni2+ or Co2+ in
NCP crystals was able to induce an unprecedented distortion in the DNA, whereby
stretching in one particle half was coupled with flipping out of two bases in the opposing
particle half (Figure 3c). The displacement of two bases from the double helical stack
occurred at SHL 1.5, which is apparently not coincidently the site with the greatest DNA
distorting and positioning potential in the nucleosome [26,27,39,44–48]. This special
location could turn out to be a therapeutic hot spot and may preside over yet undiscovered
mechanical functions in the cell.

Other recent NCP-metal studies include investigations of analogues for ubiquitous cation
species in the nucleus. Although earlier work demonstrated how histone-imposed DNA
conformation can dictate Mn2+ binding [49], a more recent investigation using soft X-rays to
tune to the manganese absorption edge allowed identification of many more divalent metal
binding sites [50]. This new work confirms the great similarity in DNA binding behavior of
Mn2+ compared to Mg2+ and Ca2+ and suggests that nucleosome and chromatin solubility
and compaction behavior is influenced by an interplay of competition and cooperatively
between the histone N-terminal tails and divalent metal hydrates in associating with the
same sites in the minor groove (Figure 3e). Lastly, a study on Rb+ and Cs+ binding in NCP
crystals appears to confirm long-standing assertions, based on oligonucleotide DNA studies,
that Na+ and K+ coordination stabilizes minor groove narrowing over specific sequence
elements in the genome (Figure 3d) [44,51].
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Future Directions & Challenges
The recent studies examining different DNA sequences, metals and medicinal agents have
yielded new insight into double helix structure and molecular recognition in the nucleosome.
At the same time, these works are providing the basis for future investigations and novel
applications; for instance, in the further development of nucleosome targeting and drug
development platforms. Nonetheless, much work remains to be done to fully understand the
determinants of DNA positioning and structure in the nucleosome. Considering the level of
histone- and DNA sequence-dependent structure that is observed from a generous handful of
NCP structures available (Table 1), and given that there are an estimated ~15 million unique
nucleosomes in the genome, we would ultimately need high resolution structures for many
different nucleosomal constructs in order to have a comprehensive perspective. On a related
note, our understanding of nucleosome dynamics and the mechanism of chromatin
remodeling enzymes is modest, and therefore it is likely that we will need to harness a
variety of techniques, including single molecule methodologies, to tackle such issues.

The first atomic structure of a chromatin protein interacting with the nucleosome reported
recently is timely, and we expect that the RCC1-nucleosome structure will be just the first of
many chromatin factor-nucleosome complexes to come. We are beginning to understand
how histone modification binding modules such as bromodomains, chromodomains, tudor
domains and PHD fingers interact with acetylated and methylated histone peptides [52].
These pioneering studies will need to be complemented by structures showing how such
epigenetic mark readers recognize their histone substrates in the context of chromatin and
how other epigenetic mark writers install these marks onto histones incorporated into
nucleosomes. If this is not challenging enough, there is still the perennial question of the
precise nature of chromatin higher order structure(s) [53,54].

These are exciting times for chromatin biologists interested in structure. We have a firm
foundation to stand on, and so much still remains to be discovered.
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Figure 1.
Crystal structure of the RCC1-nucleosome complex (PDB: 3MVD). (a) Overview of RCC1-
nucleosome complex shows that RCC1 uses loops and its N-terminal arm to engage the
nucleosome. (b) RCC1 uses its switchback loop to bind to the histone dimer acidic patch
and an adjacent DNA-binding loop to interact with nucleosomal DNA.

Tan and Davey Page 10

Curr Opin Struct Biol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
DNA binding and stretching in the nucleosome core. (a) Comparison of DNA sequence and
histone-DNA register in NCP crystal structures (PDB: 1KX5, 2NZD, 1KX3, 2CV5, 1KX4,
3LEL, 3LZ0/3LZ1, 3MVD, top to bottom). All particles are with Xenopus laevis histones,
with the exception of hNCP146, which contains histones from Homo sapiens. Asterisks
denote severe kinks associated with regions of stretching (underlined in magenta). (b) View
of the NCP147 crystal structure down the DNA superhelix axis for approximately one half
of the particle (PDB: 1KX5). Numbers correspond to SHL, and alphanumeric entities refer
to the DNA-binding histone motifs (α1, alpha helix 1; L1, loop 1; L2, loop 2). Long magenta
arrows indicate potential regions of DNA stretching around SHL ±2 and ±5. Histone
proteins are colored blue for H3, green for H4, gold for H2A, and red for H2B. (c) The
special histone binding site at SHL ±1.5, which selects for or imposes an extremely narrow
minor groove via the sugar clamp motif (space filling; NCP-TA; PDB: 3LEL).
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Figure 3.
Crystallographic studies of therapeutic candidate, drug and metal cation association with the
NCP. (a) Facilitated intercalation of an alkylating antitumor compound (space-filling)
between guanine bases at the site of stretch-associated extreme minor groove kinking at
SHL ±1.5 in NCP145 creates a hotspot for DNA alkylation by the epoxide group
(arrowhead; PDB: 3KUY). (b) Anticancer drug cisplatin adduct formation observed around
the nucleosome center in NCP147 (PDB: 3B6F). An anomalous difference map (3.4σ,
magenta) shows platinum atom locations between purine bases and at methionine sulfur
groups. (c) Co2+ binding (magenta) promotes expulsion of two bases ( 16 and 15) from the
double helical stack at SHL 1.5 in NCP147 (PDB: 3MGP). (d) A narrow minor groove
favors monovalent cation (Rb+) coordination (magenta) at AT dinucleotide elements in
NCP147 (PDB: 3MGR). (e) View along the nucleosomal DNA supergroove of NCP147
showing that minor groove-divalent metal cation (magenta spheres) hydrate binding can
influence DNA wrapping (inward-pointing arrows) and nucleosome-nucleosome
interactions (outward-pointing arrows; PDB: 3LJA).
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Table 1

Nucleosomal X-ray crystal structures

Variant/Ligand Histone species DNA length DNA sequence References

NCPs differing in histone content

Major histones Frog 146 α-satellite [13,25]

Major histones Chicken 146 α-satellite [55]

Major histones Yeast 146 α-satellite [56]

Major histones Human 146 α-satellite [57]

Major histones Fly 147 α-satellite [58]

H2A.Z Frog/Mouse 146 α-satellite [59]

macroH2A Mouse/Human 146 α-satellite [60]

H3T Human 146 α-satellite [61]

Sin mutants Frog 146 α-satellite [62]

Methylated H3/H4 Frog 146 α-satellite [63]

H3K56Q/E Frog 146 α-satellite [64]

NCPs differing in DNA fragment

Distinct sequence Frog 146 α-satellite (type 2) [25]

Length Frog 147 α-satellite [25,26]

Length Frog 145 α-satellite [27]

A16, MRE Frog 147 α-satellite-based* [65]

TTTAA elements Frog 147 α-satellite-based [39]

Strong positioning Frog 145 601* [24]

NCP in complex with small molecules

Polyamides Frog 146 α-satellite [14]

Polyamide dimer Frog 146 α-satellite [15]

LANA peptide Frog 146 α-satellite [20]

Platinum drugs Frog 147 α-satellite [41]

Intercalating agent Frog 145 α-satellite [29]

MnCl2, MnSO4 Frog 147 α-satellite [49,50]

Co2+, Ni2+ Frog 147 α-satellite [44]

Rb+, Cs+ Frog 147 α-satellite [44]

NCP in complex with protein factors

RCC1 Frog 147 601* [19]

Higher order structure

Tetranucleosome Frog 694 601* [53]

Non-palindromic DNA fragments (*).
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