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Abstract
The positioning of DNA on nucleosomes is critical to both the organization and expression of the
genetic message. Here we focus on DNA conformational signals found in the growing library of
known high-resolution core-particle structures and the ways in which these features may
contribute to the positioning of nucleosomes on specific DNA sequences. We survey the chemical
composition of the protein-DNA assemblies and extract features along the DNA superhelical
pathway — the minor-groove width and the deformations of successive base pairs — determined
with reasonable accuracy in the structures. We also examine the extent to which the various
nucleosome core-particle structures accommodate the observed settings of the crystallized
sequences and the known positioning of the high-affinity synthetic ‘601’ sequence on DNA. We
‘thread’ these sequences on the different structural templates and estimate the cost of each setting
with knowledge-based potentials that reflects the conformational properties of the DNA base-pair
steps in other high-resolution protein-bound complexes.
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Introduction
The positioning of DNA on nucleosomes — roughly 150 base pairs tightly wrapped in a
superhelical pathway around a core of eight histone proteins— contributes to both the global
organization and biological processing of the long, threadlike molecule. The precise sites of
nucleosome binding not only determine the overall compaction of DNA but also govern the
access of proteins and other species in the immediate chemical environment to the encoded
genetic information. The latter molecules can take advantage of the ready accessibility of
exposed nucleotides on the outer surface of the nucleosome or, alternatively, compete with
the histones for access to the nucleotides at the DNA-protein interface. Thus, nucleosomes
may function as general activators and repressors of genetic expression (1). Unraveling the
principles and factors that determine where and how nucleosomes are positioned on DNA is
accordingly one of the most important areas of current biology.

The preferential binding of nucleosomes to specific DNA ‘positioning’ sequences hints of
the role of individual nucleotides in the binding process. Because the close contacts between
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the histones and DNA in known high-resolution structures (2-21) are almost exclusively
nonspecific, involving the cationic amino-acid side-groups of protein and the negatively
charged sugar-phosphate backbone on DNA, enhanced binding of the histone assembly to
specific sequences points to an indirect response in DNA related to the intrinsic structure
and/or deformability of the constituent nucleotides.

The tight superhelical fold of DNA found in the best-resolved nucleosome core-particle
structures reflects both sharp periodic bending and concomitant lateral shearing of individual
dinucleotide steps. Specifically, the local kinks, effected primarily by the so-called roll angle
(22) about the long axes of successive base pairs, dictate the curvature, and the shearing,
typically accomplished via the slide displacement (22) along the same local axes, control the
DNA superhelical pitch (23). The cost of deforming a given nucleotide sequence into such
an arrangement presumably contributes to the ease of binding the histone octamer.

The sites and modes of nucleosomal DNA deformation depend upon a number of factors,
including not only the nucleotide sequence but also the histone composition and the
presence of competing ligands. For example, the energetically costly DNA ‘kink-and-slide’
steps found in two of the best-resolved nucleosome core-particle structures occur at different
sites that seemingly accommodate the shuffling of the easily deformed nucleotide steps in
the different bound sequences (24). On the other hand, some of the extreme kink-and-slide
steps found in the native nucleosomal structure disappear in complexes assembled from the
same DNA and histones with site-specific modifications (25).

Here, as a next step toward understanding the physical basis of nucleosome positioning on
DNA, we survey the settings and deformations of the double-helical molecule in the
currently known high-resolution nucleosome core-particle structures. We first review the
chemical make-up and structural uncertainties of these complexes. We next extract the
rotational settings of the DNA on the different histone cores from the variation in the
double-helical groove widths. We then compare the deformations of DNA in the various
structures, ‘threading’ a common generic sequence on the different structural templates and
estimating the energy with a knowledge-based elastic function that reflects the
conformational properties of the DNA base-pair steps in other high-resolution protein-bound
structures. We also catalog the sites of extreme kink-and-slide distortions and the various
pathways taken to generate the overall superhelical fold of nucleosomal DNA. Finally, we
use sequence-dependent elastic functions (24,26) to examine the extent to which the various
nucleosome core-particle structures account for the observed settings of the crystallized
sequences and the known positioning of the high-affinity synthetic ‘601’ sequence (27) on
DNA. We conclude with a discussion of the effects of nucleotide sequence on the folding of
nucleosomal DNA and the ways in which these subtle differences in structure may
contribute to known biochemical properties of nucleosome-bound DNA.

Methods
Data collection

The coordinates of nucleosome core-particle structures were extracted from the Nucleic
Acid Database (28), and the local conformational parameters of DNA determined with the
3DNA suite of programs (29,30). The automated base-pairing assignments, made with the
latter software, were compared against the expected identities of complementary residues
and apparent errors in the positions of individual atoms were corrected. For example, the
respective interchange of cytosine C2 and N3 with C6 and C5 and concomitant repositioning
of O2 converts the noncanonical C·G pairs found in a few structures (files labeled 1s32,
1zla, and 2nqz in Table 1— where cytosine 3 adopts the conformationally unlikely syn
glycosyl form) to the desired Watson-Crick arrangements. Correct base pairing is needed to
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obtain reliable values of the six rigid-body parameters — the three angular variables (Tilt,
Roll, Twist) and the three variables (Shift, Slide, Rise) with dimensions of distance (22) —
that characterize the spatial arrangements of successive base pairs. The groove widths are
based on the refined formulation of El Hassan and Calladine (31), incorporated in the 3DNA
software, which determines the identities of and distances between the phosphorus atoms in
closest cross-strand contact. Step parameters and groove widths provide the most reliable
measures of the deformation of DNA in the various molecular assemblies, given that the
positions of the phosphorus atoms and the electron densities of the bases are clear in even
the most poorly resolved nucleosome structures.

DNA deformations
The deformation of DNA on a given nucleosome is measured by threading a sequence of
base pairs on the three-dimensional pathway found in the core-particle structure and
calculating a deformation score in terms of the deviations of the base-pair step parameters
that make up the structure from their preferred equilibrium values.

The score E determined at the dimeric level is series of elastic terms involving all pairwise
combinations of step parameters,

[1]

Here  is the deviation imposed by the nucleosomal template on one of the
six step parameter θi (i = 1-6) from the equilibrium rest state  characteristic of the
MN dimer, and the fij (MN) are stiffness constants associated with that dimer (26). The
values of  are the average values of the base-pair-step parameters in a large data set
of protein-bound DNA molecules (other than nucleosomes) (24,26), and the fij (MN) are
extracted from the pairwise covariance of these data. The step parameter identities i = 1, 6
correspond respectively to Shift, Slide, Rise, Tilt, Roll, Twist. The elastic parameters for a
generic homopolymeric step are based on equal weighting of the force constants and rest
states of the 16 common dimers. Simulations of polymers based on these mean parameters
account approximately for the persistence length of mixed-sequence DNA (32).

The total deformation score U of a given sequence threaded on a chosen nucleosome
template is taken as the sum of the E values associated with the constituent base-pair steps.
The number of such steps depends upon the choice of template, e.g., 146 steps on a
nucleosome like the currently best-resolved core-particle structure (1kx5), which bind 147
base pairs.

Data representation
Color-coded images of the conformational and energetic parameters that characterize the set
of nucleosome structures are generated with an original program that converts a given range
of numerical values into various shades of blue, white, and red based upon the magnitude of
the parameter at a given site on DNA or for a specific template setting. Values that lie
outside the specified range are assigned the colors at the edges of the assigned ranges.
Color-coding of nucleotides in DNA sequences conforms to the Nucleic Acid Database
standard (28): adenine (red); thymine (blue); guanine (green); cytosine (yellow). Data are
positioned to maximize the alignment of base sequence or patterns in numerical data.
Missing bases and shifted data points are denoted by black squares. The composite images
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highlight general conformational trends across different nucleosome structures and at
specific sites along the histone-bound DNA while concomitantly providing a detailed picture
of a given quantity at individual steps within a given structure.

Results
Chemical composition

The 35 currently solved nucleosome core-particle structures fall into three categories (Table
1). The first group includes 11 complexes of 145-147-bp DNA wrapped around the major
histone-core proteins from five widely ranging organisms: Saccharomyces cerevisiae,
Drosophilia melanogaster, Xenopus laevis, Gallus gallus, and Homo sapiens. The
differences among these structures stem primarily from the variation in histone amino-acid
sequence (33), given that all but two of the structures share essentially the same A+T-rich
human α-satellite DNA sequence (Figure 1). One of the latter core particles binds an α-
satellite sequence of similar base-pair content but with different bases at roughly half of the
nucleotide positions (1kx4) and the other contains a 16-bp poly(dA·dT) element (2fj7). The
DNA in four of the nucleosome structures (1eqz, 1id3, 2nqb) contains “symmetric” T→G
and A→C point mutations at positions −4 and +3 relative to the structural dyad found on
base pair 0. The missing base pairs in the complexes binding a 145-bp duplex (2nzd) lie one
step closer to the structural dyad, i.e., at what would be base pairs −3 and +2 in the related
147-bp fragments. The missing nucleotide in the structures binding 146-bp duplexes lies at
position −4 or −3 with respect to the central base pair of the related 147-mers. Three of the
structures in this category (1kx5, 1nzd, 2pyo) include an interchange of the A and T at
positions ±53.

The second group of 16 nucleosome structures incorporates a number of biologically
relevant histone modifications, including (i) the natural H2AZ variant (1f66) associated with
actively transcribed chromatin (34), (ii) nucleosomes (1u35, 2f8n) with one or two copies of
the macroH2A variant implicated in the formation of transcriptionally silent
heterochromatin (35,36), (iii) a series of so-called SIN point mutations of histones H3 and
H4 (1p3a, 1p3f, 1p3i, 1p3k, 1p3p) that relieve the requirement of the SWI/SNF nucleosome
remodeling complex in yeast-screening experiments (37), and (iv) examples of H3- and H4-
methylated species (3c1c, 3c1b) found respectively at active promoters (38) and in
repressive chromatin (39). Many of these mutations occur in the context of an octameric
core assembled from histones of different species. The SIN-mutant nucleosomes, with a
histone core made up exclusively of Xenopus proteins, include six structural controls (1p34,
1p3b, 1p3g, 1p3i, 1p3k, 1p3o), i.e., alanine, glutamic acid, and histidine point mutations of
H3 or H4, without biochemical characterization. Except for the macroH2A structures, which
have a missing thymine (with no assigned coordinates) adjacent to the structural dyad, all of
the mutated protein cores bind the same DNA.

The eight nucleosomes in the final group of structures bind additional molecules, including a
series of synthetic polyamines (1m18, 1m19, 1m1a, 1s32), three anticancer drugs —cisplatin
(3b6f), oxaliplatin (3b6g), and N-(2,3-epoxypropyl)-1,8-naphthalimide (ENA) (3kuy), and a
22-amino-acid N-terminal peptide fragment from the Kaposi sarcoma-associated herpes
virus (KSHV) latency-associated nuclear antigen (1zla). Whereas the latter molecule
associates with histones H2A and H2B on the DNA-free ends of the nucleosome, the
remaining ligands bind in the grooves or intercalate between the bases of DNA. Other than
the 1-2-bp differences in chain length and point-mutations noted above, the DNA is identical
in all ligand-bound structures, and other than the sequence of the peptide-bound H2A, the
histones are identical.
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The quality of the available core-particle structures naturally varies with their resolution
(1.94-3.45 Å). The poorer resolution of some complexes precludes assignment of many of
the amino-acid atoms and, as noted above, a few of the base pairs. Only the best-resolved
complex with a 147-bp DNA fragment bound to a core of Xenopus histones (1kx5), contains
the complete structures of the histone proteins, including the ‘randomly coiled’ tails that
extend outward from the complex. As expected from the limited number of bound DNA
sequences, the nucleotide content of the available structures is biased. Of the 4933 identified
base pairs, 2908 are A·T and 2024 G·C, i.e., a 59:41 ratio of A+T vs. G+C bases. As a result,
many base-pair steps are over- or underrepresented in the structural dataset (see legend to
Figure 1).

Groove widths
The widths of the DNA grooves distinguish the inner from the outer surface of the
nucleosome-bound duplex and provide an approximate measure of the rotational setting of
the DNA on the protein core. That is, the grooves narrow when the inner surface of the DNA
faces the histone core and widen when the DNA surface lies on the exterior of the complex.
The sinusoidal variation of the minor-groove width with nucleotide position (Figure 2a)
hints of the periodic deformation of DNA as it wraps around the histone assembly. A regular
pattern of interstrand separation, with 14 local minima and 13 local maxima along the bound
DNA, persists in almost all of the complexes (Figure 2b). The maximum in groove width
around the dyad, however, disappears in the nucleosomes that bind platinum-containing
anticancer drugs (3b6f, 3b6g) and two additional maxima appear in the nucleosome with the
alternate α-satellite DNA sequence (1kx4).

The variation in minor-groove width is particularly sensitive to DNA chain length,
nucleotide sequence, and ligand binding. For example, the deletions of the G·C base pairs
that convert the 147-bp duplex bound to Xenopus histones to a 145-bp chain (1kx5 vs. 2nzd)
drastically alters the groove structure, with large changes in the interstrand spacing and local
rotational setting at DNA sites distant the positions of the omitted bases at ±3, e.g., more
than a 3-Å widening of the minor groove and a 3-bp shift in the local rotation setting occur
over a helical turn away from the deletion sites. Similarly, the asymmetry of nucleosomes
that bind 146-bp DNA fragments changes the pattern of minor-groove widths compared to
that found for related histone-bound 147-mers. Notably, the minor groove of the 146-bp
duplexes realign in the vicinity of superhelical position −2.5, i.e., 2.5 helical turns preceding
the dyad (2), a point roughly two helical turns away from the missing nucleotide in the base
sequence. The introduction of a phantom base insert at the aforementioned site (blackened
squares in Figure 2a) realigns the backbones of the 146-bp nucleosomal DNA against those
of the 147-bp chains.

The insertion of an A-tract in the 147-mer also introduces long-range changes in the minor-
groove width, including widening of the minor-groove at sites more than four helical turns
away from the center of the repeating nucleotide stretch (1kx5 vs. 2fj7). The changes in
groove width and shifts in rotational positioning are even more widespread in the
nucleosomes binding different 146-bp α-satellite sequences (1kx3 vs. 1kx4). Moreover, the
shifts in groove width alter the rotational setting and apparent helical repeat, with as much as
a 3-bp different in the spacing between nucleotides on the inner surface of DNA (e.g., a 9-
vs. 12-bp separation between the minima most distant from the structural dyad). Similar
changes in apparent helical twist occur in the DNA wrapped on the surface of the human
histone assembly (2cv5) and in nucleosomes containing the macroH2A variant (1u35, 2f8n).
Point mutations of individual histones have no such effects on the nucleosomal DNA.

Although DNA-binding ligands substantially widen the minor groove, the presence of the
KSHV peptide fragment to H2A·H2B does not (1zla). The increases in groove width
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induced by polyamides (1m18, 1m19, 1m1a, 1s32) and the anticancer drugs cisplatin and
oxaliplatin (3b6f, 3b6g) occur on the outer surface of the DNA, enhancing the local maxima
in minor-groove width by as much as 3 Å and perturbing the local rotational setting up to 3
bp. The ENA ligand seemingly takes advantage of the locally widened minor groove of the
ligand-free 145-bp duplex (21), binding to the same site in the drug-nucleosome complex
(2nzd vs. 3kuy).

The widths of the DNA grooves are long-range quantities determined by the precise spatial
disposition of the intervening nucleotides (40). The 4728 values of minor-groove width
collected here are strongly coupled to two of the rigid-body parameters associated with the
same base-pair steps, namely Roll and Twist, with respective linear correlation coefficients
of 0.60 and −0.43. Such values are statistically significant in samples of this size (41). The
Roll and Twist at adjacent steps and the values of other step parameters, such as Slide and
Rise, are also coupled, albeit less strongly, to the minor-groove width. Not surprisingly, the
DNA can follow a number of very different conformational routes to attain the same overall
structure (see below).

DNA deformations
The variability of DNA conformation in the known core-particle structures reveals itself in
the deformation scores of generic mixed-sequence dimers constrained to adopt the folding
patterns, i.e., rigid-body base-pair parameters, found in the different crystal structures
(Figure 3a). These sequence-independent values pinpoint the sites of greatest DNA
distortion as well as the relative cost of wrapping DNA around the different histone cores.
The computed scores are roughly tied to crystallographic resolution, with the more poorly
resolved structures generally scoring higher and the best-resolved structure having the
lowest score. The most costly structural distortions occur in the DNA wrapped on the
assembly of yeast histones (1id3). The deformation scores are also high, but less
pronounced, in the nucleosomal DNA deformed by the presence of A-tracts (2fj7), cisplatin
(3b6f), or oxaliplatin (3b6g) and in the complexes crystallized with macroH2A (1u35, 2f8n)
or the H3 (Me)2K79 point mutation (3c1c).

The asymmetry of DNA deformation stands out in the nucleosomes that bind 146-bp DNA
fragments. The deformation score is especially costly in the vicinity of superhelical position
−1.5, a point roughly midway between the ‘missing’ base pair in the 146-mer sequences and
the site of double-helical structural realignment (see below). The differences in DNA
conformation between this part of the core particle and its ‘symmetric’ counterpart on the
opposite side of the structural dyad are well known (8), e.g., the root-mean-square deviations
of corresponding atoms are higher at these sites than in any other parts of the 146-bp DNA
(2).

The DNA deformation scores are more uniform in the two equal halves of the 147-bp
structures, save for the nucleosomal sequence with the asymmetrically inserted A-tract
(2fj7). Interestingly, the deformation score is higher in the half of the DNA without the A-
tract. The most costly steps in the 147-bp structures occur at the same base-pair steps as
those in the shorter (72-bp) first half of the 146-bp structures, but are one base pair out of
phase from those in the longer (73-bp) second half of the 146-mers. The point of structural
realignment lies slightly closer to the dyad, near superhelical position −2.2, than the
alignment site associated with the minor-groove widths. The difference presumably reflects
the local vs. long-range nature of the deformation score vs. the minor-groove width, i.e., the
closest residues across the minor groove typically lie three base pairs away from the dimer
step with which they are associated (31). Compared to the histone-bound 147-mer, there are
two very costly kinks in the 145-bp DNA sequence crystallized with Xenopus proteins —
one located near superhelical position −1.2, the other in the vicinity of position +1.6, and
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both accompanied by large increases in base-pair separation (Rise ≈ 5.2 Å) (2nzd vs. 1kx5).
The binding of the ENA ligand (3kuy) moves one of these opened sites 5-bp closer to the
structural dyad, allowing intercalation via the DNA major groove (21). Like the distortions
in the 146-bp nucleosomal DNA, the distortions in the 145-bp structure lie quite far from the
‘missing’ base pairs.

Incorporation of sequence in the analysis of DNA deformations lowers the total scores by
25-40% (Figure 3a, points connected by black lines in side histogram). The deformation
scores of a generic dimer are strongly coupled to and generally higher than the sequence-
dependent scores of the base-pair steps (the linear correlation coefficient between the two
scores for all 4932 nucleosomal steps is 0.98, with the generic score higher in 3802 cases).

Both scores are closely coupled to the net dimeric shearing and bending, i.e.,  and

, with respective correlation coefficients of 0.67 and 0.73 for the bending and 0.53
and 0.32 for the shearing.

Some of the most costly deformations of nucleosomal DNA combine sharp kinking and
dislocation of the double-helical axis. These so-called ‘kink-and-slide’ steps (23), which
contribute to the tight wrapping of DNA around the histone core, coincide roughly with the
extremes in minor-groove width (compare Figures 2b and 3b). The deformations fall into
two categories: the A-like steps that widen the minor-groove edges of the base-pair steps
and the C-like steps that narrow these edges. If repeated at every step along the DNA, the A-
like dimers would transform the canonical B-DNA helix toward the A helical form and
similarly repeated C-like dimers would produce a C-like duplex (42). Here we take the A-
type kink-and-slide steps as those with (Roll > +7°, Slide < −1 Å) and the C-like steps as
those with (Roll < −7°, Slide > 1.5 Å). The C-type arrangements, which dominate the
folding of nucleosomal DNA, lie in the vicinity of key arginine side groups on the surface of
the histone assembly. The A-type states, which constitute ∼15% of the kink-and-slide steps
in the nucleosomal structures, accumulate at intermediate sites on the DNA. Interestingly,
the rotational positioning of the C-like steps differs in the middle vs. ends of the duplex, i.e.,
whereas the deformations associated with arginines from H2A-H2B are offset from the
minima in average minor-groove width, the deformations linked to arginines on H3-H4 lie
closer to the minima and this in a different rotational setting on the DNA.

The number of kink-and-slide steps depends upon nucleosome content. Only a few
structures — including the H3 T118A mutant nucleosome (1p3k), the assembly containing
the H3 (Me)2K79 point mutation (3c1c), and the complex with the ImPyImPy-γ-PyPyPyPy-
β-Dp polyamide ligand (1m18) — have the full complement of C-like kink-and-slide steps
and one structure, the nucleosomal assembly with A-tract DNA (1fj7), has five A-like kink-
and-slide steps. The peptide-binding nucleosome (1s32) is seemingly the most smoothly
deformed of the known core-particle structures with only five kink-and-slide steps. The
deformation score of the latter structure, nevertheless, remains high. The latter structure
contains many costly highly bent base-pair steps. The shearing of bases, however, is not as
pronounced as that associated with the cutoff values chosen here.

DNA threading
The DNA deformation scores of all nucleosomes show the same sensitivity to sequence
setting found previously for the best-resolved core-particle structure (1kx5) (23). That is,
there is a noticeable minimum in the total deformation score when shortened fragments of
the crystallized DNA sequence are threaded on the structural template. This minimum,
which varies in magnitude among the different nucleosome structures, occurs in all cases
when the DNA is in register with the natural (observed) setting of the sequence in each
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structure (Figure 4). The scores at the optimized positions follow directly from the average
sequence-dependent deformation scores reported above.

Here we report the deviations ΔU in the deformation scores for 130-bp fragments of each
crystallized sequence with respect to the observed minima, e.g., the scores of the 17 possible
settings of each 147-bp DNA on the central 130 base pairs of the crystallized template. The
scores of the out-of-phase settings vary widely among the different structures (Figure 4a).
For example, the DNA bound to the yeast histone core (1id3) stands out from other
nucleosomal DNAs in having much higher scores for the out-of-phase settings compared to
the optimized setting on that template. By contrast, the energy difference between the
alternate and best settings of the nucleosomal DNA bearing an A-tract (2fj7) is much lower
than that of all other nucleosomal DNAs. Indeed, some of the out-of-phase settings of the A-
tract sequence become comparable in energy to that of the natural setting when the DNA is
threaded on a shorter 60-bp scaffold involving the base-pair steps in direct contact with the
(H3·H4)2 tetramer and thought to be critical to nucleosome positioning (43,44) (Figure 4b).
The apparent enhancement of nucleosomal repositioning on the shortened template stems
from the omission of many of the costly kink-and-slide steps at the ends of the full
crystallographic structure. On the other hand, DNA constrained to the pathway adopted by
the central 60 bp around the yeast histone assembly (1id3) retains a strong energetic
preference for the observed crystallographic setting. DNA placed on the latter scaffold is
much more strongly distorted in the vicinity of superhelical position −1.5, i.e., base-pair
steps −15 to −16, than that constrained on other templates (Figure 3). The natural setting
takes up the extreme deformation score more easily than any other placement of the
sequence.

Importantly, the trends in relative deformation scores persist with other knowledge-based
potentials, including that employed in previous work (23,26). The relative deformation
scores of corresponding DNA fragments are virtually superimposable if scaled with respect
to a common variable, such as the average relative deformation score 〈ΔU〉 over all
nucleosomes (Figures 4a,c).

Prediction vs. observation
The 147-bp synthetic 601 construct (27), widely used to ‘set’ the positions of nucleosomes
in experimental studies of chromatin properties and structure, provides a critical test of the
predicted placement of nucleosomes on DNA. The observed, single-nucleotide resolution
mapping of the sequence reflects the patterns of hydroxyl-radical footprinting on
complementary strands (45), i.e., the identities of the nucleotides that are accessible to or
protected from chemical attack. As noted previously (23), the predicted position is offset by
3-bp from the observed setting of a nucleosome on a 232-bp DNA containing the 601
sequence if the DNA is threaded on the 147-bp scaffold of the best-resolved core-particle
structure (7). One of the secondary minima found when the same sequence is constrained to
a smoothed conformational pathway reportedly coincides with the observed setting (45).
The relative cost associated with DNA deformation on the primary minimum, which lies
∼50 bp closer to the 5′-end of the chain, is substantially lower than that on the secondary
minimum noted in the work.

Here we report the sites of lowest energy found when the 232-bp test sequence is threaded
on the DNA pathways in the different core-particle structures (Figure 5). The locations of
the (red) energy minimum along each sequence are distinguished from those of the (blue)
competing secondary minima, with relative DNA deformation scores less than a quarter of
that of the mean value over all nucleosomes, i.e., ΔU < 0.25〈ΔU〉. Many of the crystalline
pathways favor the positioning of the 601 fragment within 2-bp of the observed setting,
located on base pair 134 of the test sequence, and a few have low energy minima that
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coincide with the experimental setting. The number of successfully predicted settings
depends upon the choice of elastic parameters, with more positions matching the observed
setting if the force field extracted over a decade ago from a smaller less carefully curated set
of structures (26) is used (Figure 5b). The general trends in the prediction of likely
nucleosome positions, however, are independent of the choice of elastic constants. For
example, both force fields used here predict competing sites of nucleosome positioning
centered as base pairs 109-110 and 140.

The number of likely nucleosome positions depends upon the structural template.
Interestingly, large numbers of predicted positions are found for the DNA pathways of four
of the five biologically active SIN-mutant nucleosomes — H3 R116H, H4 V43I, H4 R45H,
and H4 R45C (1p3a, 1p3p, 1p3i, 1p3f, respectively). The three-dimensional arrangements of
successive base pairs preserve the overall folding of the histone-bound duplex while
seemingly destabilizing any one nucleosome-binding position. Some of the structural
controls used in the crystallographic analysis of the SIN-mutant nucleosomes also show this
behavior (1p3k, 1p3o).

Discussion
Each newly reported high-resolution nucleosome crystal structure has reinforced the idea
that DNA follows much the same superhelical pathway around the core of histone proteins
in most biochemical settings. Now with 35 structures in the public domain (Table 1) and the
capability to examine these structures collectively and in greater detail, one can begin to
extract some of the subtle differences in DNA folding associated with the variation of
histone composition, the presence of bound ligands, and the change of nucleotide sequence
on the nucleosome.

Although the makeup of the DNA in the known structures is limited (Figure 1), the available
data show that changes in base sequence can have dramatic effects on the rotational setting
and degree of duplex deformation (Figures 2-3). Moreover, the effects of sequence on
structure can be quite pronounced and far ranging, with costly deformations of structure
occurring at sites on DNA a helical turn or more away from the sites of chemical
modification. The rotational setting, as measured by the variation in the minor-groove width,
can vary as much as three base pairs, thereby shifting the DNA residues in contact with
protein in one structure by over 100° in another. The deformation scores of DNA threaded at
corresponding base-pair steps on the different superhelical pathways can differ by 1-2 orders
of magnitude.

Nucleosomal DNA can also take slightly different conformational routes in the course of its
packaging. The sharp bending and concomitant shearing of successive base pairs found in
all structures may occur at different sites, to a different degrees, and in different
combinations. Thus the DNA in each crystal structure settles in a relatively favorable spatial
arrangement (Figure 4). The stability of the observed fold compared to other settings of the
sequence on the same template and the total cost of DNA deformation, however, can vary
from one structure to the next. Thus, the different nucleosomal pathways accommodate the
deformations of a common sequence, such as the 601-positioning sequence, in different
ways (Figure 5). The DNA is folded in few structures such that one of the energetically
favored forms lies within two base pairs of the experimentally observed position. A
nucleosome that binds the 601 sequence may thus share some of the conformational features
of these known structures.

The conformational features of DNA that stand out in individual nucleosome structures
point to ways in which the nucleosomal scaffold might contribute to known biochemical
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behavior. For example, the very high cost of deforming DNA on the yeast histone assembly
(1id3 in Figures 4-5) may contribute to the known instability of the yeast core particle.
Similarly, the distortions of DNA that seemingly favor no one setting of the 601 positioning
sequence over another on a SIN-mutant nucleosome scaffold (1p3a, 1p3f, 1p3i, 1p3p)
suggest ways in which these histone point mutations might contribute to the rearrangement
of nucleosomes in the absence of the yeast SWI/SNF remodeling complex. Thus, a protein-
induced deformation that is costly to all dimer steps, such as bending via Tilt, might enhance
nucleosomal translocation. Furthermore, given the relative deformation scores of DNA on
the yeast vs. Xenopus nucleosomes (e.g., 1id3 vs. 1kx3) and the fact that the solved SIN-
mutant nucleosome structures are constructs of Xenopus rather than yeast histones, the
contributions of histone point mutations to DNA mobility in yeast may be even greater than
that inferred here.

Clearly there are many gaps in our knowledge of nucleosomal structure and the relationship
of the observed DNA superhelical folds to nucleotide sequence, histone composition, and
nucleosome positioning. The solution of new high-resolution structures with a greater
variety of bound DNA sequences is sorely needed for better understanding of the physical
basis of nucleosome positioning
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Figure 1.
Color-coded representation of the DNA sequences crystallized in known nucleosome core-
particle structures (2-20). The Protein Data Bank identifiers (PDB_IDs) of individual
structures are noted on the left in the same order as in Table 1, with the entry for the
currently best-resolved structure (1kx5) highlighted by triangles. Nucleotide positions are
reported with respect to the central base pairs of the crystallized 147-bp sequences at
position 0. The small numerals above the mosaic denote the base-pair position, and the large
numerals above the canonical B-DNA structure show the superhelical position, i.e., the
approximate number of helical turns of a given base pair from the dyad (2). The double-
helical image shows the relative orientation of the base pairs and the directions of the major/
minor grooves at each sequential position — e.g., the long axis of the base-pair points
toward the viewer, the major groove faces downward, and the minor groove faces upward at
the dyad and all other integral superhelical positions. Nucleotide content in individual
structures is depicted on the right with the same color-coding as that along individual
sequences. The ‘missing’ bases in nucleosomes that bind 145- and 146-bp DNA fragments
are represented in black and positioned to maximize the alignment of the sequences with the
bases in the 147-bp chains. Overrepresented dinucleotide steps include AA·TT, AT·AT, and
CA·TG. Underrepresented dimers include CG·CG, AC·GT, TA·TA, and GG·CC. Image
does not include the bases in the most recently solved core-particle structure (21), with DNA
identical in sequence to that in the one other nucleosome binding a 145-bp piece of DNA
(17). See Table 1 for details of nucleosome composition and resolution.
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Figure 2.
Sequential variation of (a) the DNA minor-groove width and (b) the sites of local maxima
and minima in these values, i.e., points that distinguish the inner vs. outer surface of the
bound DNA, in high-resolution nucleosome core-particle structures. The color-coded range
in (a) corresponds to values within two standard deviation of the average minor-groove
width, 12±2 Å, over all structures. Data are plotted with respect to base-pair position, with
the conformational parameters of the dimer steps that incorporate a given base pair depicted
by color-coded blocks on either side of the designated point. ‘Phantom’ dinucleotide steps
are inserted in the 145- and 146-bp histone-bound DNAs to maximize the alignment of
groove dimensions. The same alignment is used but not depicted in (b). Mean values and the
number of (blue) maxima or (red) minima in groove width at particular locations along the
dyad are respectively reported in the histograms at the top of the images. Mean values of
minor-groove width in individual structures are plotted to the right in (a). Data are presented
in the same order and with the same notation as in Figure 1 and Table 1.
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Figure 3.
Deformation scores of (a) the base-pair steps of a generic mixed-sequence DNA threaded on
the molecular pathways adopted in known nucleosome structures and (b) the sites of high-
scoring kink-and-slide deformations (23) found therein. The color-coded range in (a)
corresponds to energy values within one standard deviation of the average deformation
score, 15±15, over all structures. Kink-and-slide states are grouped into two categories, A-
like in blue and C-like in red, based upon the directions and magnitudes of local bending and
shearing. Data are plotted, as in Figure 2, with respect to the structural dyad and with
‘phantom’ base-pair steps introduced to maximize the alignment of high and low scoring
regions across all structures. The same alignment is used but not depicted in (b). Mean
scores and number of kink-and-slide states at specific base-pair steps are respectively noted
at the top of the images. Corresponding values in individual structures are plotted to the
right of each image. The mean sequence-dependent deformation scores of the base-pair steps
that make up each nucleosome are represented in (a) by the points on the right connected by
a solid line. See text and legend to Figure 2 for numerical criteria and other details.
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Figure 4.
Cost of threading crystallized DNA sequences on the spatial pathway adopted in known
nucleosome structures. The structural template in (a,c) is shortened to 130 base-pair steps by
removing straight, 8-bp pieces from either end of the superhelical pathway. This allows for
15-17 different settings of the sequence fragment on the 145-147-bp structural templates.
The template in (b) is reduced to the central 60-bp steps in contact with the (H3·H4)2
tetramer, with the number of characterized settings thereby increased to 85-87. The shift of
one setting relative to the natural setting 0 is reported along the abscissa, and the identities of
the structures are noted along the ordinate. The threading scores along the DNA pathway in
the best-resolved nucleosome structure (1kx5) are highlighted by triangles. The total
deformation scores of chain fragments are scaled with respect to the average deviation
〈ΔU〉 from the score of the minimum-energy setting in each structure. Mean scores of
individual settings are reported in the histograms at the top of the images. Corresponding
averages over all settings of a given template are plotted to the right of each image. Omitted
settings are denoted in black. The ‘energies’ in (a,b) are based on elastic potentials recently
derived from the rigid-body parameters relating successive base pairs in a non-redundant set
of high-resolution protein-DNA crystal structures (24) and those in (c) with an earlier set of
parameters extracted of necessity from a fewer crystal complexes without considerations of
structural resolution or redundancy (26). See legend to Figure 2.
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Figure 5.
Profiles of the low-energy settings of a synthetic 232-bp fragment bearing the high-affinity
601 nucleosome-positioning sequence. Total deformation scores, obtained by threading the
sequence on structural templates made up of the 145-147 bp of DNA in known crystal
structures, are compared against the observed setting mapped with single-nucleotide
resolution at base pair 134 (45). The 88-86 settings of the sequence are described along the
abscissa by the identity of the base pair on the structural dyad, and the structural templates
are listed along the ordinate. The experimentally observed setting is highlighted by a triangle
at the top of the rectangular grid and enclosed by parallel lines. Color-coded entries
distinguish the minimum-energy settings (red) and the settings of competing secondary
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minima (blue) found for each template. The number of low-energy states associated with
each setting is reported in the histogram at the top of image, and the corresponding number
found for a given structural template in the histogram on the right. The secondary minima
are selected on the basis of the relative deformation score, with values less than 0.25〈ΔU〉.
The ‘energies’ in (a) are computed with a recently reported set of elastic potentials (24) and
those in (c) with an older set (26). See Figure 4 and the text for the definition of 〈ΔU〉 and
other details.
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