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Abstract

How eukaryotic genomes encode the folding of DNA into nucleosomes and how this intrinsic
organization of chromatin guides biological function are questions of wide interest. The physical
basis of nucleosome positioning lies in the sequence-dependent propensity of DNA to adopt the
tightly bent configuration imposed by the binding of the histone proteins. Traditionally, only DNA
bending and twisting deformations are considered, while the effects of the lateral displacements of
adjacent base pairs are neglected. We demonstrate, however, that these displacements play a much
more important structural role than ever imagined. Specifically, the lateral Slide deformations
observed at sites of local anisotropic bending of DNA define its superhelical trajectory in chromatin.
Furthermore, the computed cost of deforming DNA on the nucleosome is sequence specific: in
optimally positioned sequences the most easily deformed base-pair steps (CA:TG and TA) occur at
sites of large positive Slide and negative Roll (where the DNA bends into the minor groove). These
conclusions rest upon a treatment of DNA that goes beyond the conventional ribbon model,
incorporating all essential degrees of freedom of ‘real’ duplexes in the estimation of DNA
deformation energies. Indeed, only after lateral Slide displacements are considered, are we able to
account for the sequence-specific folding of DNA found in nucleosome structures. The close
correspondence between the predicted and observed nucleosome locations demonstrates the potential
advantage of our 'structural’ approach in the computer mapping of nucleosome positioning.
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INTRODUCTION

The tight, superhelical wrapping of nucleosomal DNA around the core of histone proteins
introduces significant deformation in the double-helical structure.l The enhanced binding of
the histone assembly to specific DNA “positioning’ sequences,2'4 essentially in the absence
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of direct sequence-specific interactions with bases,5'9 points to an indirect mechanism of
molecular recognition involving the intrinsic structure and/or deformability of nucleotide steps.

Analyses of DNA structure in the nucleosome core particlel’lo’11 typically focus on the local
angular parameters (Roll, Tilt, Twist) that describe the bending and twisting of adjacent base
pairs.12 Nucleosomal DNA bends anisotropically, with the Roll angle (bending into the
grooves) being appreciably greater than Tilt (bending toward the backbone).lv 3 The double
helix also tends to underwind at sites of major-groove bending and to overwind at sites of
minor-groove bending,5'14 so that the average twistin%of base pairs on nucleosomal DNA is
comparable to that of naked DNA, i.e., ~10.4 bp/turn.

Thus, within the limits of the conventional ribbon model of DNA, the folding of the double
helix on the nucleosome is described in terms of the principal angular variables, Roll and Twist.
Even though the ‘real’ bending of DNA on the nucleosome occurs in concert with the in-plane
dislocation of base pairs (Supplementary Fig. S1), these deformations, so-called Shift and
Slide, are usually ignored. The former parameter is thought to facilitate the tight packing of
nucleosomal DNA against protein, while the effect of Slide on the overall trajectory of
nucleosomal DNA has not been considered.1:8

Here we take a fresh approach, focusing on the irregularities of DNA at the level of dimeric
steps and comparing the contributions of the aforementioned angular and translational
parameters to the observed fold of nucleosomal DNA. Unexpectedly, we find that the variation
of Slide, i.e., the shear displacements of adjacent base pairs along their long axes, across the
DNA grooves, controls the DNA superhelical pitch. This observation clearly goes beyond the
limits of the ribbon model, adding a new dimension to the current paradigm.

We subsequently investigate the mechanisms by which ‘local’ Slide and Roll control the
superhelicity and ‘global’ curvature of nucleosomal DNA and the underlying base-sequence-
dependent contributions of these parameters to the deformation ‘energy’ of the protein-bound
duplex. We estimate the cost of deforming the DNA on the observed, high-resolution core-
particle structure with knowledge-based elastic functionsl® that reflect the sequence-
dependent conformational properties of DNA in other structural contexts. This novel approach
incorporates all the essential degrees of freedom of ‘real” DNA structures and helps to decipher
the contribution of DNA sequence-dependent deformability to the positioning of nucleosomes.
The computed scores of representative sequences that are ‘threaded’ on the crystalline template
account remarkably well for the reported dyad sites of some of the best-resolved nucleosome-
positioning sequences.

A different perspective on nucleosomal DNA

Examination of nucleosomal DNA from the conventional viewpoint down its superhelical axis
(Fig. 1a) reveals the sharp, localized bends, or mini-kinks, responsible for the tight wrapping
of the double helix around the core of histone proteins. These well-known bending sites,
highlighted here by color coding that denotes the direction of the strongest dimeric bends, occur
at regularly spaced (56 bp) intervals and alternately compress the major and minor grooves
on the side of DNA that faces the protein core.

Other complexities in the DNA trajectory become apparent if the nucleosomal structure is
viewed from a different perspective. A side view (Fig. 1b) reveals abrupt displacements of the
DNA spatial trajectory — see, for example, positions 5.5 and —1.5. The dislocations of the
helical axis are easily seen if the molecule is reduced, as here, to a single point per base pair

J Mol Biol. Author manuscript; available in PMC 2007 October 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tolstorukov et al.

Page 3

and viewed in the absence of protein. Note that these ‘axial dislocations’ are located at the
color-coded points and thus, are associated with the strongest bends.

The bending of DNA via Roll is well known to occur in concert with the displacement of base
pairs via Slide and changes in dimeric Twist. In this regard, the deformations of DNA on the
nucleosome (Supplementary Fig. S1) are similar to those in complexes with other proteins.
15 The uniqueness of the nucleosomal structure lies in the magnitude of Slide: the sites of
strongest DNA bending into the minor groove (negative Roll) are accompanied by the shearing
of successive base pairs via large positive Slide, i.e., values of ~2.5 A computed with the
CompDNA/3DNA software packageslfsv17 (Fig. 2a, b). The sliding of base pairs is less
pronounced when DNA is bent into the major groove; nevertheless, the “axial dislocation’ is
quite noticeable (Slide =~ — 1 A, see Fig. 2c, d). Given the influence of Slide on DNA helical-
axis dislocations at the level of several base pairs, one immediately wonders what, if any, role
Slide might play in the overall structure of nucleosomal DNA.

Contributions of individual ‘step’ parameters to nucleosomal structure

In order to understand the effects of local deformations of double-helical structure on the global
folding of nucleosomal DNA, we constructed a series of models in which the value of one of
the base-pair step parameters is equated to zero at all dinucleotide steps (Fig. 3). Such models
pinpoint the types of local conformational change responsible for the left-handed, superhelical
pathway of nucleosomal DNA. The assumed distortions direct the protein-bound duplex
toward the canonical B-DNA structure where there is neither bending, i.e., Tilt = Roll = 0°,
nor shearing, i.e., Shift = Slide = 0 A, of local base-pair steps.

For example, setting the value of Roll to zero at all base-pair steps almost completely
straightens the DNA, whereas setting the values of Tilt to zero has only a modest effect on the
DNA trajectory (Supplementary Fig. S2). In other words, variation in Roll (but not in Tilt)
accounts for most of the bending of DNA on the nucleosome, a result consistent with well-
known ideas of DNA bending anisotropy.l?"18

The influence of the shear parameters, Shift and Slide, on the global fold of nucleosomal DNA
is unexpected (Fig. 3). Whereas freezing the Shift to canonical values, i.e., zero, at all base-
pair steps (Fig. 3a) has almost no effect on the DNA spatial pathway, setting the values of Slide
to zero (Fig. 3c) nearly flattens the DNA trajectory. Notably, the composite changes in Slide
diminish the pitch of nucleosomal DNA from ~30 A per superhelical turn (~80 bp) in the
native structure to 3 A in the Slide-frozen model.

The cumulative contributions to overall nucleosomal pitch, i.e., the net displacement of
histone-bound DNA along the superhelical axis, from the two shear parameters as well as that
from Rise, the vertical displacement of neighboring base-pair planes,12 are reported in Figure
4. The plotted data are the projections, at each dinucleotide step, of the three components of
base-pair displacement on the superhelical axis (dotted red line in Fig. 1b). It should be noted
that if DNA behaved as an ideal ribbon,19'21 the superhelical pitch would be defined entirely
by the projection of the base-pair Rise on the superhelical axis (because the ribbon model
ignores the shearing of base-pair planes). Our analysis shows, however, that Rise accounts for
less than 10% of the pitch (Fig. 4); the impact of Shift is even smaller. By contrast, Slide
accounts for over 90% of the overall pitch of nucleosomal DNA, with positive Slide making
a greater contribution than negative Slide (see Fig. 2 and below). The data further reveal a
stepwise accumulation of net pitch. There is a sizable build-up of pitch at ~10-bp increments
along the DNA sequence (blue arrows in Fig. 4).
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Mechanism of controlling nucleosomal pitch via Slide

The mechanism by which Slide controls nucleosomal pitch is outlined in Figure 5. Sharp jumps
in Slide occur at regular intervals along the DNA (Fig. 5a). The positive values of Slide
accompany DNA bending into the minor groove (negative values of Roll, blue arrows) and the
negative values appear with DNA bending into the major groove (positive values of Roll, red
arrows); compare with Fig. 2. Because the direction of Slide is roughly parallel to the
superhelical axis at the sites of Roll deformation, the values of Slide accumulate along the path
of nucleosomal DNA. Moreover, steps with alternating positive and negative Slide (separated
by 5-6 bp) contribute cooperatively to the overall pitch. A distance of 5-6 bp along the DNA
double helix is equivalent to ~180° of net twisting. Thus, the negative Slide at sites where the
DNA bends into the major groove and the positive Slide at sites where the DNA bends into
the minor groove run parallel to the global superhelical axis (Fig. 5b) and add cumulatively to
the pitch (Fig. 4). The negative (rather than positive) correlation between Slide and Roll, i.e.,
the decrease of Roll that accompanles the increase of Slide and vice versa, determines the left-
handedness of the DNA superhelix. 14

As is clear from the figure, DNA wraps on the surface of the nucleosome core particle via a
‘staircase’ rather than a ‘ramp’ mechanism. That is, the double helix retains fragments of
naturally straight, B-type duplex separated by sharp turns/dislocations in three-dimensional
structure, i.e., ~5-bp ‘treads’ joined by dimeric ‘risers’. This differs from the classical
representation of nucleosomal DNA as a smoothly deformed superhelix with uniform
dinucleotide bending and constant build-up of pitch.

The net positive Slide, associated with DNA bending into the minor groove, exceeds the net
negative Slide by more than two-fold. Moreover, the deformation of DNA via positive Slide
is much more extreme (with higher numerical values) in the nucleosome than in most other
high-resolution protein-DNA crystal complexes. 15 Accordingly, positive ‘minor-groove’
Slide makes the major contribution to the overall pitch of nucleosomal DNA (27 A of 38 A).
In this regard DNA bending and sliding are different: whereas most DNA curvature
accumulates at sites where DNA bends into the major groove, most of the contribution to pitch
occurs at sites where DNA bends into the minor groove.

Sequence-dependent deformations of nucleosomal DNA

The examples of large positive Slide that accompany the sharp minor-groove kinking of
nucleosomal DNA occur almost exclusively at CA:TG steps in the known core-particle
structures e.g., steps £58, +48, +36 relative to the dyad in the best-resolved structure with 147
bp DNAS (see Supplementary Table S1 for the locations and composition of the most highly
deformed dimer steps in all currently solved mononucleosome structures). Furthermore, the
CA:TG dimer assumes “kink- and slide’ conformational states, like those in Fig. 2, in many
other protein-DNA complexes (see Supplementary Table S2).

The broad range of pyrimidine-purine conformational states in other protein-bound
structures® leads one to expect that TA and CG steps might also accommodate the ‘kink-and-
slide’ conformation observed in the nucleosome. These expectations are confirmed, however,
in only one of these two dimers. Although not found at severely deformed steps in currently
available high-resolution nucleosome core-particle structures, there are numerous examples of
TA dimers that adopt “kink-and-slide’ combinations of large positive Slide and negative Roll
in the presence of other protelns1 (Supplementary Table S2). By contrast, the CG dimer shows
no such conformational propensities in complexes with other proteins (there is only a single
example in the table). Moreover, none of the purine-purine and purine-pyrimidine sequences
is predisposed to adopt the ‘kink-and-slide’ arrangements found in nucleosomes.
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Analysis of the DNA stiffness constants associated with deformations of the double helix in
known protein-DNA complexes15 clarifies why CA:TG and TA dimers are particularly suited
to take up the minor-groove kinks found in the nucleosome. These dimers are not only highly
flexible but also characterized by negative ‘Roll-Slide’ correlations (see Fig. 4 in ref. 15 and
Supplementary Fig. S3). This correlation leads to an increase in Slide when Roll becomes more
negative; in other words, the ‘kink-and-slide’ configuration is inherent to these dimers. (The
CA:TG dimer is also subject to positive ‘Twist-Slide’ correlations that facilitate the over-
twisting of DNA found at ‘kink-and-slide’ states in the nucleosome; see below.)

The cost of ‘kink-and-slide’ distortions of nucleosomal DNA, estimated on the basis of the
sequence-dependent spread of conformational states in other protein-DNA complexes, is thus
much lower for CA: TG and TA steps than for all other dimers (Fig. 6). The computed ‘energies’
in the figure are statistical scores that measure the cost of deforming a particular DNA base-
pair step relative to the observed dispersion of step parameters of the same type of dimer in
many other structural contexts; see ref. 15 and below for details of the knowledge-based
potentials. Here we show the deformation scores of the 10 unique dimers, averaged over all
six ‘kink-and-slide’ states in the best-resolved nucleosome structure, and the contributions to
the total from the distortions of Slide and Roll. As is clear from the figure, the high cost of
large positive Slide constitutes most of the total score. Indeed, in the case of GC steps the Slide
contribution even exceeds the total score. (The favorable coupling of selected base-pair
parameters introduces negative ‘cross’ terms in the total energy, thereby lowering the total
‘energy’ of steps like GC and CA:TG or TA.) Furthermore, whereas the total deformation
scores vary six-fold over the different steps, the contribution from Slide varies about ten-fold
in the different dimers and the contribution from Roll by only four-fold (Supplementary Table
S3). Thus the changes in Slide, which are so critical to the overall folding of nucleosomal DNA,
are clearly dependent on sequence and are potentially useful in the positioning of arbitrary
DNA sequences on the nucleosome.

Implications for nucleosome positioning

The “threading’ scores in Table 1 provide information on the relative ease of deforming
different DNA sequences on the surface of the nucleosome core particle. The score for each
sequence is the sum of the elastic contributions associated with the deformation of base-pair
steps along the entire nucleosomal pathway (Fig 7). In other words, the DNA sequences are
constrained to adopt the folding pattern found in the crystal structure (Fig. 1) and the ‘energy’
required to distort the sequence in this pattern is assessed with the scoring functions used above.
The sequences include the human a-satellite DNA incorporated in the best-resolved core-
particle structure and a ‘mixed-sequence’ DNA with “‘energy’ equal to the average deformation
score, evaluated over all 16 dinucleotides, at each base-pair step of the template.15

The threading of the a-satellite sequence on its ‘natural’ template is appreciably less costly
than that of the ‘mixed-sequence’ DNA (Table 1). As follows from the ‘energy’ profiles (Fig.
7), the disadvantage of the ‘mixed-sequence’ DNA lies in the high cost of deformation at the
‘kink-and-slide’ steps (positions +58, +48, £36). By contrast, the deformation values are
relatively low for the a-satellite sequence, where CA:TG dimers occupy these positions. Our
results thus suggest that the crystallized nucleosomal sequence has been selected to
accommodate the changes in base-pair Slide responsible for the superhelical path of
nucleosomal DNA.

At the same time, there are two peaks in the a-satellite ‘energy’ profile, corresponding to the
presence of AG:CT dimers in ‘kink-and-slide’ configurations at positions +17 and £7. This
dimer is among the least favorable in terms of the cost of such deformations (see Fig. 6 and
Supplementary Table S3, where the mean “‘energy’ of AG:CT dimers in ‘kink-and-slide’ states
is second highest, following AT). The high scores at these steps immediately suggest a strategy
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for further ‘improvement’ of the affinity of the a-satellite DNA for the histone octamer —
namely, replacement of the sequences in the above cited positions by sequences containing
flexible TA or CA:TG dimers.

Also included in Table 1 are the contributions to the threading ‘energy’ from individual step
parameters. The data show that even though DNA is tightly wrapped on the surface of the
nucleosome, the cost of DNA bending (primarily via Roll) is not the only significant
contribution to the total deformation score. Notably, the deformations in Slide make a
contribution to the total score that is comparable to, if not greater than, that from Roll. The
large cost of Slide occurs in both the a-satellite and ‘mixed-sequence’ DNA. Moreover, the
contribution of Slide is the only term that is significantly lower (~ 50%) for the a-satellite
sequence compared to ‘mixed-sequence’ DNA. Indeed, these trends persist if the same DNA
is threaded on other currently known nucleosomal templates (Fei Xu and WKO, unpublished
data).

The importance of Slide in the positioning of nucleosomes is underscored in Figure 8, where
deformation “‘energies’ are reported for fragments of the human a-satellite sequence in different
settings on a shortened nucleosomal template. (The choice of template, the central 129 bp in
the best-resolved crystal structure,8 is based on the following considerations: (i) the template
has to be shorter than 147 bp — otherwise, threading is impossible; (ii) most of the curvature
of nucleosomal DNA is localized in this 129-bp fragment.+) As is clear from the figure, the
‘energies’ are highly sensitive to the setting of the 147-bp sequence on the shortened template.
There is a noticeable minimum in the computed “‘energy’ when the ‘natural’ sequence is in
register with the observed structure. The score is increased by 20—30% if the sequence is
displaced by one or more base pairs. Moreover, the alignment preference nearly disappears if
the contribution from Slide is omitted from the computation, but persists if the contribution
from Roll is removed. This sensitivity to Slide lends further support to the idea that nucleosome
positioning reflects the capability of a sequence to adopt large values of Slide.

To check the predictive strength of our approach, we analyzed several sequences, for which
nucleosome positions have been precisely located experimentally (Fig. 9). The sea urchin 5S
rRNA gene sequence is one of the best-characterized positioning sequences,22 where the
nucleosomal dyad positions have been mapped to single-nucleotide resolution by site-directed
hydroxyl-radical cleavage.2 As seen in Fig. 9a, the deepest minimum in the 5S deformation
‘energy’ profile corresponds to one of the two detected nucleosome positions (base pair +8).
Another observed position (base pairs —11/-12) is consistent with the second strongest
minimum (base pair —12). The two nucleosome positions are separated by approximately two
helical turns of DNA; that is, the nucleosomes are ‘in phase’ and have nearly the same rotational
orientation. Thus, using the DNA deformation energy score, we correctly predict both
rotational and translational positioning of 5S DNA nucleosomes with an error not exceeding
1 bp.

The deformation “energy’ profiles for three other sequences are also shown in Fig. 9. The 183-
bp sequence from the pGUB plasmid,24 like sea urchin 5S DNA, has two characterized
nucleosome positions separated by 20 bp. The calculated profile reproduces this behavior
correctly, predicting these positions with 1-bp accuracy (Fig. 9b). The next example is the high-
affinity synthetic sequence ‘601" obtained in sequence-selection (SELEX) experiments,™ for
which the nucleosome position is predicted with 3-bp accuracy (Fig. 9¢). The lower accuracy
in this case may reflect the limitations of our model: (i) all DNA sequences are threaded on
the same ‘rigid” nucleosomal template, and (ii) the DNA deformation ‘energy’ is estimated
with a simple dimeric model1®. We expect that using a “flexible’ template that accounts for
sequence-related variations in the nucleosomal DNA pathway, and introducing a trimeric
model would improve the accuracy of our predictions.
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We base these expectations on several ‘unusual’ features that distinguish the ‘601" sequence
from “natural’ genomic DNA. First, the ‘601" sequence has an unusually frequent occurrence
of GC-clusters periodically alternating with AT-clusters (e.g., trimers SSS and WWW, where
SisGor C,and W is A or T). Most of the SSS trimers lie in major-groove sites and most of
the WWW trimers in minor-groove sites in the experimental nucleosome position (base pair
134). Although the distribution of AT-rich and GC-rich clusters is consistent with those
observed in chicken and yeast nucleosome core particles,zal28 the periodic positioning of GC-
clusters is much more pronounced in the ‘601’ sequence than in genomic DNA. In addition,
the 601’ sequence is characterized by an exceptionally high fraction of CG dimers, 9%
compared to 1-3% in ‘bulk’ eukaryotic DNA, and six of these CG dimers are located in major-
groove sites. That is, GC-clusters in general and CG dimers in particular, demonstrate a very
strong preference for major-groove bending in the observed nucleosome position (base pair
134).

By contrast, many of these dimers are found in minor-groove sites in the nucleosome position
where our ‘energy’ score has the deepest minimum (base pair 137). This is a consequence of
the relatively ‘minor-philic’ behavior of the CG dimers predicted by the knowledge-based
‘energy’ function®. We anticipate that the atypical ‘minor-philic’ behavior of the CG dimers
will disappear when we use a trimeric instead of a dimeric model and that incorporation of
such a model will help, at least in part, to evaluate the many electrostatic interactions of
nucleosomal DNA with histone arginines. In particular, consideration of the DNA trimer as a
structural unit will incorporate the propeller and buckle angles of base pairs that appear to
determine the minor groove width and any accompanying electrostatics effects. The GC-tracts
should be less attractive to histone arginines (compared to AT-tracts), and as a consequence,
the “energetically optimal’ nucleosome sequences should have the GC-tracts bent into the
major groove (i.e., consistent with the observed nucleosome position of the ‘601’ sequence).

Finally, the deformation scores predict the arrangement of the fragment from the chicken f3-
globin” gene 25 correctly, within 1 bp of the single observed nucleosome-binding position
(Fig. 9d). This sequence is of special interest because of its high GC-content (64% [G+C]
compared to 45% [G+C] for the 5S DNA from sea urchin). Accurate prediction of the
nucleosome positioning of such sequences is critical for deducing the structure of chromatin
in genomes of higher organisms, where the transcription start sites of many genes are
surrounded by highly GC-rich sequences, such as CpG islands. The successful prediction of
nucleosome positioning for sequences of various GC-content, including a GC-rich sequence,
demonstrates a potential advantage of our “structural’ approach, based on calculations of the
DNA deformation ‘energy.’

DISCUSSION

Non-elastic behavior of DNA

Looking at the nucleosome core-particle structure from a fresh perspective reveals the
unexpected effect of the local base-pair slide on the global superhelical pathway of nucleosomal
DNA (Figs. 1-3). This surprising observation adds to the growing list of cases where the classic
ribbon model of DNA deformability breaks down. For example, single DNA molecules show
clear non-elastic behavior upon imposed extension, 29,30 exhibiting the counterintuitive
response in twist anticipated by atomic-level calculations,31 i.e., the molecule overwinds rather
that underwinds under tension. Such findings illustrate how the DNA chemical architecture
can reveal itself at the mesoscale level, i.e., several base pairs, directing the way in which the
molecule as a whole responds to strong external forces. In the case of the nucleosome, the tight
wrapping of DNA around the core of histone proteins brings about the lateral displacement
(shearing) of successive base pairs, which is expressed, in turn, through the superhelical pitch.
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The conventional, smoothly-deformed model of superhelical DNA, 1,20 by contrast, (i) ignores
the shearing of base-pair planes, (ii) defines superhelical pitch in terms of the projection of the
base-pair rise on the superhelical axis, and (iii) links changes in superhelical pitch to DNA
twisting. Here we see that nucleosomal DNA wraps around the histone core via Roll and Slide,
with the base-pair twisting Salthough varying in strongly deformed steps) remaining close, on
average, to that in solution.

‘Kink-and-slide’ mechanism

Thus, the folding of ‘real’ nucleosomal DNA involves a ‘kink-and-slide’ mechanism (Fig. 5),
in which the superhelix is formed through the concerted bending and shearing of appropriate
base-pair steps. That is, in addition to the kinks, or ‘hinges’,18 long anticipated to compact
DNA on the nucleosome,?’zl33 there is a translational degree of freedom, i.e., slippage, at the
‘hinges’, which acts to convert a planar, circular fold to a three-dimensional, superhelical
configuration. Importantly, these distortions do not affect the overall twisting of DNA. Such
a mechanism undoubtedly influences the topological properties of DNA in chromatin 20 and
widens the range of potential pathways for histone-modification enzymes to remodel
nucleosomes without the necessity of peeling DNA off the protein core. The added degree of
conformational freedom clearly facilitates the kinds of DNA rearrangements anticipated in
popular mechanisms of chromatin remodeling — DNA “bulge’ propagation around the surface
of the histone octamer and superhelical displacement via so-called ‘lateral cross transfer’34
35 (both leading to DNA translocation).

The most pronounced ‘kink-and-slide’ distortions of nucleosomal DNA occur near the ends
of the bound duplex, interacting with the H2A/H2B histones, e.g., superhelical locations £5.5
to +3.5 (Fig. 1, Supplementary Table S1); step positions £58, +48, £36 relative to the dyad
(Supplementary Fig. S1). By contrast, the central part of DNA wraps around the H3/H4
tetramer by means of relatively *smooth’ bending, with the deformation distributed over several
consecutive steps, e.g., see Roll and Slide values at dinucleotide steps £17 to £15
(Supplementary Fig. S1). Both ‘smooth’ bends and kinks, however, result in similar DNA
configurations with very narrow minor grooves, which are stabilized by interactions of
penetrating arginine side-groups. More importantly, the Slide-controlled displacements along
the superhelical axis accumulate in a similar fashion, in the both the H3/H4 and the H2A/H2B
parts of the nucleosome (Fig. 4). In other words, the present assessment of the effect of base-
pair slide on the superhelical path of nucleosomal DNA is valid for both modes of DNA
distortions, ‘smooth’ bends and sharp kinks. Whether the difference between wrapping modes
in the central and terminal parts of nucleosomal DNA is related to inherent differences in
histone binding, or is a consequence of specific DNA sequence, will remain unclear until more
high-resolution structures are determined.

New perspective on A-tracts

In this regard, it is noted that the kinking of DNA containing a 16-bp poly(dA-dT) element
differs from that of a-satellite DNA assembled with the same type of histones.1:8:36 The TA
at step —16, in the vicinity of H3/H4, adopts a ‘kink-and-slide’ state in the recently published,
albeit more poorly resolved, nucleosome structure with along A-tract, 36 suggesting that certain
sequences can, in principle, accommodate sharp kinks in the central H3/H4 part of the
nucleosome. Interestingly, the new minor-groove kink entails one of the flexible dimers, TA,
found to be most amenable to such distortion and occurs next to position —17, one of the sites
suggested above as a strategy for increasing the affinity of the a-satellite DNA for the histone
octamer. Unfortunately, the 3 A resolution of the new structure precludes detailed comparison
between the conformation of the bound A-tract and the a-satellite sequence.
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Traditionally, it has been assumed that AA:TT dimers, particularly those in so-called A-tracts,
are among the most significant positioning ‘signals’ in nucleosomal DNA.37 This concept has
been further corroborated by the nucleosome-binding properties of AT-rich sequences from
chicken26 and yeast;28 in both cases, AA:TT dimers are positioned periodically,
predominantly in locations where the minor groove faces the histone octamer. Such
observations tacitly imgly that these dimers are bent into the minor groove. In the nucleosome
core-particle structure,® however, there are no AA:TT dimers significantly bent into the minor
groove (see Supplementary Fig. S1), nor are there any such extreme states in either the crystal
structures of other protein-DNA complexes or the NMR and X-ray structures of ‘pure’ DNA
A-tracts (Supplementary Fig. 83).38 Instead, AA:TT dimers in the nucleosome are often
located next to CA: TG minor-groove kinks — for example, the AAAA fragment adjacent to
CA at step +48 and the TTT adjacent to TG at step £36 (Supplementary Fig. S1). Thus, we see
that the AA:TT dimers (and short A-tracts) are not themselves deformed. Apparently, their
positioning role is to bring the DNA sequence in register with the histone-octamer template —
namely, to secure the most bendable DNA motifs adjacent to key histone arginines, which
interact with the narrow minor groove formed by the AA:TT dimers (and A-tracts) 6 and
seemingly facilitate the kinking and wrapping of DNA around the protein core.

Role of pyrimidine-purine dimers

In the a-satellite DNA incorporated in nucleosome crystals 5.8 the role of the bendable motif
is played by the CA:TG dimeric steps, which undergo sharp minor-groove bends with
concomitant displacement via Slide (Fig. 2). Analysis of other protein-DNA structures
indicates that one other pyrimidine-purine dimer, TA, is also likely to accommodate this kind
of ‘kink-and-slide’ arrangement (Fig. 6 Supplementary Fig. S3+ Supplementary Table S2).
The potential importance of appropriate TA-step positioning for nucleosome stability is
supported by the results of in vitro seﬂuence-selection (SELEX) experiments, which identif%/
high-affinity nucleosomal sequences. 39 Many of these and other high-affinity sequences <

contain periodically positioned TA steps. Moreover, the TA dimers and TTAA tetramers in
most of these sequences occupy positions that correspond to sites of minor-groove bending
(36, +26, £16, 6 relative to the dyad); see Figure 4 in ref. 39.

Thus, we conclude that the proper positioning of pyrimidine-purine dimers (CA: TG and TA
steps in particular) is one of the key factors determining the formation of nucleosomes. But, if
earlier?9 it was assumed that pyrimidine-purine positioning is critical for diminishing the cost
of DNA bending (Supplementary Fig. S2), now we see that large base-pair sliding, which
controls the overall pitch of nucleosomal DNA (Fig. 3), is no less important. The cost of
imposing a specific ‘kink-and-slide’ conformation on a base-pair step, estimated with
knowledge-based elastic functions,15 varies significantly among the 10 unique dimers (Fig.
6, Supplementary Table S3). The low cost of deformations at CA: TG and TA steps suggests
a novel molecular mechanism by which nucleosomes are positioned — namely, placement of
these flexible dimers at sites where the minor groove faces the histones (Fig. 7).

DNA threading and nucleosome positioning

To test the applicability of this mechanism for predicting the positions of nucleosomes,
representative DNA sequences were ‘threaded’ on the best-resolved nucleosome core-particle
structure (Table 1, Figs. 8-9). The total deformation ‘energies’ of sequences forced to adopt
the observed three-dimensional pathway account with remarkable accuracy for the
experimentally known settings of nucleosomes. For example, the deformation score of the
crystallized a-satellite sequence increases substantially when displaced relative to its observed
‘natural’ position on the structural template (Fig. 8). Other DNA sequences, which are known
to position nucleosomes in solution, show similar, albeit smaller, dips in the total deformation
energy close to the observed “natural’ settings (Fig. 9).
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The ability to account for the positioning of nucleosomes in terms of the sequence-specific
properties of successive base pairs is one of the principal advantages of a “structural’ approach
in deciphering the organization of chromatin. Such a model offers physical insight into gene
regulatory phenomena not possible from a bioinformatics perspective, such as mechanisms
that promote the binding of transcription factors to sites on nucleosomal DNA with the requisite
exposure and shape to accommodate a ‘tight fit” on the nucleosome.41-44 (The tumor
suppressor protein p53 is among the regulatory factors effectively recognizing DNA packaged
in chromatin.#> Note in this regard that the ‘Roll-and-Slide’ deformation of nucleosomal DNA
is similar to the DNA conformation induced by the binding of p53 tetramers.46 Apparently,
wrapping DNA around the histone core facilitates p53 binding by exposing the cognate DNA
site in the conformation most favorable for p53-DNA recognition.) Our method is also well
suited to the analysis of genomic sequences of arbitrary base composition, such as GC-rich
regulatory sequences from the genomes of higher organisms.

Base-pair step parameters

We make use of a dimeric representation of DNA, which incorporates the known effects of
base sequence on the intrinsic structure and deformability of the constituent base-pair steps.
The conformation of each dimer is described by six independent step parameters which specify
the orientation and displacement of neighboring base-pair planes — three angular variables
Tilt, Roll, and Twist and three translational variables Shift, Slide, and Rise.12 Values of these
parameters are computed with the 3DNA software package,17 which incorporates a recently
recommended reference frame for the description of nucleic acid base-pair geometry47 and a
rigorous matrix-based scheme.13:48,49 Importantly, the same matrix formalism is used here
both to calculate local conformational parameters and to rebuild structures from these
parameters.

Knowledge-based deformation ‘energies’ and DNA ‘threading’

The nucleosome-binding affinity of a given DNA sequence is estimated by ‘threading’ the
constituent base pairs on the three-dimensional pathway found in the nucleosome core-particle
structure® and calculating a knowledge-based deformation scorel® in terms of the deviations
of the base-pair step parameters that make up the structure from their preferred equilibrium
values.

The total ‘energy’ E of the threaded sequence is expressed as a sum of quadratic terms:
N 6 6
_ 1 naph
E= 2 |2 X fl.j(MN)AHI. ABj ) 1)

m=1\2/=1 /=1

Here A6 = 0" — 6% (MN) is the imposed deviation of the i-th step parameter 6" at the n-th
dinucleotide step from the equilibrium rest-state value 8% (MN) of the MN dimer step. Thef;;
(MN) are stiffness constants determined by the MN sequence, and N= 146 is the number of
base-pair steps that comprise the nucleosome template. The rest-state values of the 16
dinucleotide steps are equated to the average step parameters in known protein-DNA crystal
complexes (other than nucleosomes), and the stiffness constants are extracted from the pairwise
covariance of these variables.1® Such an approach accounts for the known correlations of
dinucleotide step parameters,16 which are especially important for modeling the severe
bending and shear deformations of nucleosomal DNA.
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Figure 1.

Superhelical path of nucleosomal DNA. (a) Conventional (stereo) view down the superhelical
axis. (b) Side view, obtained from (a) by ~60° rotation around the vertical axis. Base-pair
centers along one half of the nucleosome core particle are represented by large balls and the
intervening sugar-phosphate backbone by yellow ribbons. The other half of the DNA is
depicted by a gray tube, which connects successive base-pair centers. Sites of major-groove
bending (negative Slide) are highlighted in red and sites of minor-groove bending (positive
Slide) in blue. Superhelical locations (from —0.5 to —5.5) are denoted, following Luger et al.,
5 by the number of helical turns away from the dyad passing through the central base pair
(depicted by a black ball and highlighted by arrows). The superhelical axis of DNA, shown by
a fine red line, minimizes the sum > (d,, — <d>)2, where <d) is the average of d, , the distance
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from the n-th base-pair center to the line, for n = 1 to 147 . Base-pair centers obtained from
3DNAL7 and molecular images prepared with the Chimera software package.5o
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Slide =-1.1 A Roll = 18°

Figure 2.

Detailed atomic-level representations of nucleosomal DNA fragments containing steps with
large positive and negative Slide. Views on the left highlight the dislocation of the local helical
axis and those on the right the accompanying bends into the minor and major grooves. (a, b)
Minor-groove CA:TG bend with positive Slide, step —36. (c, d) Major-groove TA:TA bend
with negative Slide, step —51. The color scheme is the same as in Fig. 1: minor-groove bending
is highlighted in blue and major-groove bending in red. Local helical axes minimize the
displacements of the three base-pair centers on either side of the deformation site. Base-pair
positions are measured relative to the dyad located at 0.
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Shift (Dx) = 0 Shift, Slide # 0 Slide (Dy) =0

Figure 3.

Effect of ‘zeroing’ dinucleotide step parameters (a, Shift; ¢, Slide) on the superhelical path of
DNA in the nucleosome core particle8 (b). The modified DNA trajectories are represented, as
in Fig. 1, by large balls and tubes connecting successive base-pair centers; the dyad positions
are highlighted by darkened balls and indicated by arrows. The DNA models are superimposed
at the initial base pair of the observed nucleosomal DNA structure (white tubes in (a, ¢) have
the same configuration as in (b)). The “far’ ends of the DNA model and the core-particle
structure are separated by ~5 A in (a) and ~30 A in (c). Model structures are built from the
3DNAL7 structural parameters of nucleosomal DNA, with the parameter of interest equated
to zero at each dinucleotide step. Lower “‘block’ images illustrate the Slide-Shift ‘zeroing’
scheme at the level of successive base pairs. Arrows here denote the coordinate frame
embedded in each base pair.

J Mol Biol. Author manuscript; available in PMC 2007 October 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tolstorukov et al.

Cumulative displacement (A)

o

-10

minor groove

-60 -40 -20 0 20 40

Base-pair step

Figure 4.

Cumulative effects of local base-pair translation on the overall pitch of nucleosomal DNA.
Contributions of Slide, Shift, and Rise are shown by black, cyan, and gray lines, respectively.
Base-pair displacements are measured along the global axis of the core-particle structure (red
line in Fig. 1b). Base-pair positions are defined with respect to the dyad, which is at 0. Red and
blue arrows denote stepwise displacements associated respectively with major- and minor-
groove bends.
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Figure 5.

Idealized representation of the superhelical pathway of nucleosomal DNA. (a) The DNA path
is shown as a left-handed spiral staircase with each ‘step’ spanning a 5-bp DNA fragment. Red
and blue arrows indicate displacements in Slide associated respectively with major- and minor-
groove bends. (b) Atomic-level view of an idealized double helix with parameters close to
those shown in Fig. 2: the DNA alternatively bends, every 5 bp, by 22.5° into the minor and
major groove. Values of (Slide, Twist) are set to (2.5 A, 41°) at minor-groove bends (blue
arrows), (-1 A, 31°) at major-groove bends (red arrows), and (0 A, 36°) elsewhere. The yellow
rods represent the local helical axes. Note the uniform direction of helical-axis displacement
in both images, i.e., along the global axis of the nucleosome. Also notice that, since the shear
displacements do not alter the bending and twisting of successive nucleotides, the base pairs
retain the same orientation, regardless of the degree of superhelical pitch. The twisting of DNA
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along the three-dimensional superhelical pathway, as defined in 3DNA L is accordingly the

same as that of a double helix kinked into a planar circle by same pattern of bending but without
accompanying variation in Slide.
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Figure 7.
Deformation ‘energy’ profiles of a ‘mixed-sequence’ DNA (red lines) and the human a-satellite

sequence (blue lines) ‘threaded’ on the core-particle structure.8 Base-pair steps are indicated
by their distance from the dyad (denoted by the standard symbol at 0). (a) Total score; (b, c)
contributions of Roll and Slide components, respectively (see legend to Table 1). The scores
at each position are averaged over two dimeric conformations: (i) the value associated with the
given base-pair step and (ii) that of its symmetrical counterpart. The sites of minor-groove
bending, which produce major peaks in the deformation ‘energy’ score, are highlighted by their
numerical locations.
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Figure 8.

Cost of ‘threading’ the 147-bp human a-satellite sequence on the spatial pathway of
nucleosomal DNA. The structural template8 is shortened to 129 bp by removing the straight,
9-bp pieces at either end of the superhelical pathway (129 = 147 — 9 x 2). This allows for 19
(19 =1 + 9 x 2) different positions of the sequence fragment with respect to the structural
template. The shift of one position relative to the other is reported along the abscissa (shown
schematically in the upper part of the figure). The total deformation “‘energies’ of the different
129-bp long fragments are depicted by the black circles. The ‘energies’ of the corresponding
fragments without consideration of Roll are noted by the red triangles, and those without
consideration of Slide by the blue squares. See legend to Table 1 for details of the latter
computations.
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Figure 9.

Deformation ‘energy’ profiles of nucleosome-positioning sequences. (a) The sea urchin 5S
rRNA gene.22 ‘Energies’, obtained by ‘threading’ the sequence on a template made up of the
147 bp of the crystal structure, are compared against nucleosome positions mapped with
single-nucleotide resolution at base pairs —11/-12 and +8 on the 180-bp sequence (clone
ASYM180 in ref. 23). The base pairs are numbered relative to the transcription start site (+1);
note that there is no zero position. The two major minima in the ‘energy’ profile, which are
denoted by triangles (the filled triangle corresponding to the deepest minimum), are taken as
‘predicted’ dyad positions. The accuracy of the predictions is shown in parentheses at each
minimum. (b) The 183-bp sequence from the pGUB plasmid.24 Experimental dyad positions,
found by photochemical cross-linking and subsequent cleavage of DNA photoadducts formed
with the modified amino acids of the histone core, occur at base pairs 84 and 104. (c) The 232-
bp synthetic high-affinity sequence ‘601’ with the dyad positioned at base pair 134 (J. Widom,
personal communication). Note that, in addition to the deepest minimum in the energy profile
at base pair 137, there is a secondary minimum at base pair 133 (1 bp from the experimental
dgad position). (d) The 195-bp fragment from the sequence of the chicken p-globin® gene ,
25 with base pairs numbered relative to the transcription start site (+1). The experimental dyad
position (nucleosome 5A), determined by enzymatic (MNase and DNase 1) digestion, lies on
base pair —281. The threading scores of the sequences (black lines) are compared at each test
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position with the mean scores (points forming the blue dashed lines) and standard deviations
(values equal to half the width of the gray corridors) of a set of 1,000 random sequences with
the same dimer composition as the 147-bp fragment centered at the given position. Note that
all “optimal’ points in the energy profiles fall outside these bounds, i.e., the predicted dyad
positions are statisically significant.
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