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Abstract
Recent studies of genome-wide nucleosomal organization suggest that the DNA sequence is one
of the major determinants of nucleosome positioning. Although the search for underlying patterns
encoded in nucleosomal DNA has been going on for about 30 years, our knowledge of these
patterns still remains limited. Based on our evaluations of DNA deformation energy, we
developed new scoring functions to predict nucleosome positioning. There are three principal
differences between our approach and earlier studies: (i) we assume that the length of nucleosomal
DNA varies from 146 to 147 bp; (ii) we consider the anisotropic flexibility of pyrimidine-purine
(YR) dimeric steps in the context of their neighbors (e.g., YYRR versus RYRY); (iii) we postulate
that alternating AT-rich and GC-rich motifs reflect sequence-dependent interactions between
histone arginines and DNA in the minor groove. Using these functions, we analyzed 20
nucleosome positions mapped in vitro at single nucleotide resolution (including clones 601, 603,
605, the pGUB plasmid, chicken β-globin and three 5S rDNA genes). We predicted 15 of the 20
positions with 1-bp precision, and two positions with 2-bp precision. The predicted position of the
‘601’ nucleosome (i.e., the optimum of the computed score) deviates from the experimentally
determined unique position by no more than 1 bp — an accuracy exceeding that of earlier
predictions.

Our analysis reveals a clear heterogeneity of the nucleosomal sequences which can be divided into
two groups based on the positioning ‘rules’ they follow. The sequences of one group are enriched
by highly deformable YR/YYRR motifs at the minor-groove bending sites SHL ±3.5 and ±5.5,
which is similar to the α-satellite sequence used in most crystallized nucleosomes. Apparently, the
positioning of these nucleosomes is determined by the interactions between histones H2A/H2B
and the terminal parts of nucleosomal DNA. In the other group (that includes the ‘601’ clone) the
same YR/YYRR motifs occur predominantly at the sites SHL ±1.5. The interaction between the
H3/H4 tetramer and the central part of the nucleosomal DNA is likely to be responsible for the
positioning of nucleosomes of this group, and the DNA trajectory in these nucleosomes may differ
in detail from the published structures.

Thus, from the stereochemical perspective, the in vitro nucleosomes studied here follow either an
X-ray-like pattern (with strong deformations in the terminal parts of nucleosomal DNA), or an
alternative pattern (with the deformations occurring predominantly in the central part of the
nucleosomal DNA). The results presented here may be useful for genome-wide classification of
nucleosomes, linking together structural and thermodynamic characteristics of nucleosomes with
the underlying DNA sequence patterns guiding their positions.
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Introduction
Nucleosomes play a crucial role in gene regulation in eukaryotes by modulating the access
of transcriptional machinery to DNA (1). Therefore, understanding the molecular
mechanisms involved in controlling nucleosome positions has become a central issue in
chromatin biology. Recent genome-wide data on in vivo (2-9) and in vitro (10,11)
nucleosome organization reveal numerous factors influencing the exact placement of
nucleosomes along DNA, such as DNA sequence patterns, DNA methylation, histone
variants, histone post-translational modifications, higher-order chromatin structure,
chromatin remodeling and interactions with non-histone DNA-binding proteins. The general
view is that the in vivo data is the result of concerted interactions among all these factors,
while the in vitro data reflects the intrinsic DNA sequence preference for nucleosomes.
Although the quest for sequence patterns guiding nucleosome positioning started 30 years
ago, our knowledge of these patterns still remains limited.

It has been known for years that certain sequence motifs usually occur at particular sites
within a nucleosome, constituting characteristic patterns (for review see ref. 12). The initial
breakthrough was made by Trifonov and Sussman (13), who observed periodic AA:TT
oscillation in genomic sequences and postulated that it is critical for stabilization of
nucleosomes. Since then, various sequence patterns have been suggested to be essential for
DNA bending and packaging in chromatin (12,14-16), including periodically oscillating
GG:CC dinucleotides (17,18).

After it became clear how tightly DNA is packed in nucleosomes, the concept of anisotropic
bending of DNA was introduced (19-22). This implies that bending across the grooves (in
the Tilt direction) is much less pronounced than bending into the grooves (in the Roll
direction) (Figure 1). The variation of Tilt is hindered by the base-base stacking interactions
between the base pairs and stereochemical constraints of the backbone. This feature, first
predicted by energy calculations (22), was later confirmed once a large number of free DNA
fragments and protein-DNA complexes had been crystallized (23-25).

DNA anisotropy is sequence-dependent: overall, the purine-pyrimidine (RY) dimers bend
predominantly into the minor groove, whereas the pyrimidine-purine (YR) dimers bend
more frequently toward the major groove (26,27). Historically, this rule originates from
Calladine's (28) steric clash model, which was used to rationalize the alternation of positive
and negative Roll in the CG and GC steps, respectively, in the Dickerson-Drew dodecamer
(29). Despite its simplicity, the YR/RY rule still holds for numerous B-DNA and protein-
DNA crystal structures (for review see ref. 30). This YR/RY rule was implemented to
predict nucleosome positioning in the early DNA sequence ‘threading’ studies (31-33).

In addition to the RY and YR steps, there are two other sets of sequence patterns whose
bending anisotropy is well established. These are the AT-rich (WW/WWW) and the GC-rich
(SS/SSS) dimeric and trimeric motifs, originally identified in the pioneering work of Travers
and colleagues, who characterized the nucleosome core particle (NCP) DNA fragments
obtained from chicken erythrocytes (34). Later, the alternating AT-rich and GC-rich patterns
(localized at the sites of the minor- and major-groove bending of nucleosomal DNA,
respectively) were detected in nucleosomes of yeast (3,7), the fruit fly (9) and the nematode
(4). The stereochemical explanation for why AT-rich fragments usually bend into the minor
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groove, toward the histone core, is related to the favorable electrostatic interactions between
the AT-rich DNA and the histone arginines penetrating into the minor groove (35-37).

The YR dimers deserve special attention. In addition to being the most anisotropic dimers
(their equilibrium Roll angles have the largest absolute values), they are also the most
flexible of all the dimeric steps (27,30,38-40). The bending and ‘bendability’ of YR steps in
the crystal structures of DNA duplexes (41-43) have been thoroughly analyzed and
compared with those derived from the NCP fragments (3,34,44,45). Several interesting
features have been observed, in particular, for the TA and CA:TG steps.

For example, the central TA step in the decamer CCTTTAAAGG crystal structure bends
toward the major groove of DNA (41,42,46). Energy computations (38) and various models
for DNA bending in solution (15,30,47) also suggest the major-groove bending of the TA
step (at least, in the TTAA context). However, sequence analysis of chicken (34) and yeast
(3) nucleosomes indicates that the TA dimer usually occurs at the sites where DNA bends
into the minor groove. Accordingly, the TTAA motif is frequently found at the minor-
groove bending sites of the synthetic high affinity sequences, including the TG-pentamer
(48) and the ‘601’ clone (49,50) — especially at the sites SHL ±1.5. Thus, we see that the
TA step demonstrates a certain ‘dualism’ (or bistability). In solution and in numerous crystal
structures (including the well-known complex of the TATA box with TBP (51)) it bends
into the major groove, while in nucleosomes, the TA step bends preferentially into the minor
groove.

The other pyrimidine-purine dimer, CA:TG, has also been known to be bistable for decades.
In 1989, Heinemann and Alings (52) noted that CA:TG reveals an ‘unusual’ conformation
with a negative Roll in the crystallized decamer CCAGGCCTGG. This observation has been
further substantiated by Dickerson and colleagues (41) who formulated the ‘YCAR/RCAY’
rule — namely, that CA bends into the minor groove in the context YCAR (this
conformation was denoted High Twist Profile, or HTP), while in the context RCAY, the CA
step bends into the major groove (Low Twist Profile, or LTP conformation). Note that the
CA:TG dimer reveals clear bistability in the nucleosomal structures. It bends into the major
groove in the chicken NCPs analyzed by Satchwell et al. (34), and into the minor groove in
the nucleosomes crystallized with the α-satellite sequence (53,54). In the latter case, the
CA:TG dimer attains the HTP conformation according to the classification described above
(41), or belongs to the CA− substate according to the notation used by Olson et al. (26).

Recently, Tolstorukov et al. (35) demonstrated that in addition to anistropic bending, the
nucleosomal DNA undergoes severe lateral displacements, or Slide, especially at the minor-
groove kinks. These ‘Kink-and-Slide’ distortions are highly sequence-specific, being most
favorable for the CA:TG and TA dimers, which is critical for the nucleosome positioning
(see also ref. 55). The all-atom computations (56) generally confirmed this sequence
dependence: the ‘Kink-and-Slide’ deformation energy of DNA increases in the order TA <
CA:TG < CG < GC. These studies (35,56) taken together provide a detailed stereochemical
explanation for why the YR dimers demonstrate the bistability described above, and why the
TA and CA:TG steps prefer the ‘Kink-and-Slide’ deformations observed in nucleosomes
(53,54). Based on these results, we modified the earlier ‘mini-kink’ model of DNA bending
(31-33,38) postulating that the YR dimers bend only into the major groove. Now we assume
that the YR steps can bend into both grooves, the TA and CA being the most favorable for
minor-groove bending (see Methods). Furthermore, we extended the ‘YCAR/RCAY’ rule
formulated by Dickerson (41) and applied it to the other YR steps as well — that is, we
assumed that in the context YYRR, the YR dimer usually bends into the minor groove,
while in the context RYRY, it bends into the major groove. Although this ‘extended’ YYRR
rule remains tentative (for a while), it is supported by the results presented in this issue by
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Wang et al. (56): the TA and CG steps are more likely to bend into the minor groove in the
contexts TTAA and CCGG, compared to ATAT and GCGC.

The GC step is yet another dimer whose DNA bending is demonstrably context-dependent.
According to x-ray data, GC bends into the minor groove in the context CGCG (29,57),
whereas in the GGCC context, it bends into the major groove (58). Therefore, despite the
fact that the GC dimer most frequently occurs at the predicted major-groove bending sites in
both the chicken and yeast NCP sequences (3,34), one also has to consider the alternative
possibility — namely, the bending of GC into the minor groove, especially because this
directionality of GC bending is predominant in the high-resolution nucleosomal structure
1KX5 (54). Out of eight GC dimers, six have negative Roll — that is, these six dimers are
bent into the minor groove, with the average Roll = −6.3° (data computed with CompDNA/
3DNA software (26,59)).

In this study, we used the best established ‘canonical’ sequence patterns (YR, WW/WWW
and SS/SSS) in a simple computation scheme, with the aim of detecting the DNA sequence
features responsible for positioning of 20 nucleosomes mapped in vitro at single-nucleotide
resolution (Table I). Using these ‘canonical’ patterns, we correctly predicted approximately
half of the 20 positions, including the highly stable ‘601’ nucleosome (49). To account for
the remaining nucleosome positions, we incorporated in our scheme several ‘alternative’
patterns such as YYRR, RYRY and GC, and found that they indeed improved the agreement
with experimental data. The scheme was further ‘fine-tuned’ by optimizing the weights for
the ‘canonical’ and ‘alternative’ patterns using a minimization protocol. The physical
meaning of our nucleosome positioning score is straightforward – the lower the DNA
deformation energy for particular sequence motifs placed at the sites of DNA distortion, the
higher the score.

We wish to emphasize that our aim is to predict both rotational and translational positioning
of nucleosomes; finding correct ‘orientation phasing’ of DNA with respect to the histone
core is not sufficient, in our opinion. If, for example, the computed positioning score has a
local maximum coinciding with the experiment, but the global maximum is shifted by 10 bp
(60), we consider the error to be 10 bp. As mentioned earlier (35,55), the correct
translational positioning can be predicted only if the DNA distortion in nucleosome is
considered to be non-uniform, as observed in the crystal structures (37,53,54). In particular,
the DNA deformation in the superhelical locations SHL ±3.5 and ±5.5 is more severe than in
SHL ±0.5 and ±2.5 (Figure 2). (Paraphrasing George Orwell, “Some kinks are more equal
than others.”) Therefore, we assigned different weights to different DNA bending sites.
Furthermore, we introduced a special function evaluating the difference between the score
value in the immediate vicinity of the experimental position (±1 bp) and in the adjacent
regions (±17 bp). Optimizing this function, we found the positioning scores that adequately
describe various sets of nucleosomes mapped in vitro.

Our results suggest that the selected in vitro nucleosomes are naturally divided into two
groups based on the sequence patterns guiding their positioning. One group is characterized
by frequent occurrence of the highly deformable YR/YYRR motifs at the sites SHL ±3.5
and ±5.5, apparently facilitating severe DNA deformations at the sites, similar to the ‘Kinks-
and-Slides’ found in the majority of nucleosomes crystallized so far. Accordingly, the
positioning of these nucleosomes is likely to be determined by the interactions between
histones H2A/H2B and the terminal parts of nucleosomal DNA.

In the other group (that includes the ‘601’ clone) the same YR/YYRR motifs occur
predominantly at the sites SHL ±1.5 that are believed to be critical to nucleosome
positioning (49). The DNA trajectory in these nucleosomes may differ in detail from
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published structures. The interaction between the H3/H4 tetramer and the central part of
nucleosomal DNA is likely to be responsible for the positioning of nucleosomes of this
group.

We anticipate that in the near future, our results on the DNA sequence-structure relationship
may help elucidating structural and thermodynamic characteristics determining functionally
important features of nucleosomes, such as their responsiveness (or resistance) to chromatin
rearrangements during transcription and other cellular processes.

Materials and Methods
Datasets

A total of 20 reconstituted nucleosome positions were precisely mapped in vitro (Table I).
These positions can be divided into two sets based on the mapping techniques employed.
The first set includes five nucleosomes: ‘601’, ‘603’, ‘605’ (49,50), the nucleosome 5A in
the chicken β-globinA gene (61), and Fragment 67 (62). The positions of the ‘601’, ‘603’
and ‘605’ nucleosomes were determined by hydroxyl radical footprinting experiments
(60,63), while the other two nucleosome positions were obtained using three DNA cleavage
enzymes: micrococcal nuclease (MNase), DNase I and exonuclease III (61,62,64). Both
approaches can easily determine the rotational phase of DNA wrapped around histones and
the dyad position of a nucleosome by analysis of the nucleolytic digestion pattern of DNA.
In addition, the position of nucleosome ‘601’ was determined using the site-directed
hydroxyl radical method (A. Travers, personal communication). Since the two positions of
the ‘601’ nucleosome (obtained by two different methods) coincide, we assume that
positions of the other nucleosomes mentioned above are also established rather precisely.

The second set contains 15 nucleosome positions on the sea urchin 5S rDNA gene (65), the
X. borealis somatic and oocyte 5S rDNA genes (66), as well as MMTV (67) and pGUB (68)
sequences. These positions were mapped at single base-pair resolution by the site-directed
hydroxyl radical method (65). This differs from the free solution hydroxyl radical approach
in two respects. First, a photochemical reagent (EDTAcyst) is linked to modified residues on
the surface of the histone octamer, close to DNA near the pseudodyad axis of the
nucleosome. Second, the hydroxyl radicals generated from the reagent are directed to attack
each DNA strand close to the dyad axis. Analysis of the DNA mapping pattern on
denaturing PAGE can precisely determine the position of the dyad.

Note that for the X. borealis somatic rDNA gene, six nucleosome positions were detected
with the dyad at −44, −24, −3, +7, +48, and +58 relative to transcription start-site (+1),
while for the X. borealis oocyte rDNA gene, five positions with the dyad at −2, +20, +34,
+58 and +80 were found, before incubation with TFIIIA (66). The positions at −44 for the
somatic 5S rDNA and +80 for the oocyte 5S rDNA were not included in our list (Table I)
because they are too close to the ends of DNA fragments used in nucleosome reconstitution
(the distances between the dyads and the DNA ends are less than 73 bp).

Nucleosome positioning score
We analyzed a series of 28 DNA sequence patterns occurring at discrete regions (‘sites’) of
the nucleosome where DNA bends anisotropically into the grooves. Below, we describe how
these sites are defined for the 147-bp and 146-bp nucleosomal templates and how the scores
are calculated for the dimeric (YR, WW, SS, GC), trimeric (WWW, SSS) or tetrameric
(YYRR, RYRY) patterns. The scores calculated for the 147-bp and 146-bp templates were
combined together, to provide a greater flexibility to the process of predicting nucleosome
positioning. The resulting profiles obtained for individual sequence patterns were summed
up with the pre-determined or optimized weights.
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(a) Computing the scores for sequence patterns at minor- and major-groove sites
The score for a sequence pattern is defined as the sum of occurrences of certain motifs at the
specific sites. The 14 regions of minor-groove DNA bending (minor sites) and the 12 areas
of major-groove bending (major sites) were selected based on the Roll values observed in
the nucleosomal structures 1KX5, 1KX3 and 1KX4 (Figure S1). The positions of these sites
are given in Figure 2, both for the 147-bp and 146-bp templates. Note that the major sites
SHL ±4 and ±5 are 3 bp in length; all the remaining sites (including 14 minor sites) are 4 bp
long.

Let us take, for an example, the YR sequence pattern. For a nucleosomal fragment with the
center at position n, the score S(n) for the pattern YR at the 14 minor sites is the sum of the
counts Cx for the contributing motifs (x = TA, CA, TG or CG) occurring at these 14 sites,
and is defined as

where CTA = CCA = CTG =1 and CCG = 0.5. If two YR dimers occur at the same site, say,
CACG in SHL −5.5, the higher of the two counts is used (in this case Cx = CCA = 1). If there
is no YR dimer at a given site, Cx = 0. Similarly, for the pattern YR at the major sites, the
pattern score S(n) is the sum of 12 counts Cx, where CCG = CCA = CTG =1 and CTA = 0.5.

We assigned different coefficients (counts) to the TA and CG dimers occurring at the minor
and major sites to reflect their preference for bending into the minor and major grooves,
respectively (see Introduction). To be consistent, we assigned different counts to the
tetramers YTAR (Cx = 1) and YCGR (Cx = 0.5) occurring at the minor sites, and to the
tetramers RTAY (Cx = 0.5) and RCGY (Cx = 1) occurring at the major sites (see Table SII
for details). For the other sequence patterns such as WW, SS, WWW, SSS and GC, the
counts for the contributing motifs are the same (Cx = 1). Note that when we count the GC
dimers occurring at the minor sites, we consider only those cases when there is no YA:TR
dimer (e.g., TA or CA:TG) at a given minor site.

(b) Dimers versus trimers and tetramers
The pattern scores for dimers such as YR, WW, SS and GC are computed differently from
those for trimers and tetramers such as WWW, SSS, YYRR and RYRY. Let us take as an
example the 4-bp site SHL −5.5 covering positions 15-18 (Figure 2). When computing the
WW score for this site, we consider three dimeric steps: 15-16, 16-17 and 17-18. If two or
three WW dimers occur in the site, the count is the same as for one WW. In other words, the
occurrences of WW at the same site are considered to be non-additive. The same holds for
the other dimeric motifs.

When computing the WWW score, we count occurrences of the WWW trimers at the minor
sites extended by 1 bp in both directions. For example, in the case of the site SHL −5.5, we
consider the four trimers with centers at positions 15, 16, 17 or 18. (Accordingly, when
counting the YYRR motifs, we consider the three consecutive tetrameric positions: 14-17,
15-18 and 16-19.) As with the WW dimers, the WWW trimers occurring at the same site are
non-additive; that is, the scores for WWWW and for WWW are the same.

On the other hand, the WW and WWW scores (or SS and SSS scores) are additive; if the
sequence CAAT occurs at the 4-bp long minor site, it is counted both as WW and WWW.
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This approach is consistent with the idea that a ‘long’ AT-rich fragment is more
advantageous (compared to a single WW dimer) for interaction with the histone arginine
penetrating into the minor groove, and for DNA bending in this direction (35,37).

(c) Threading of patterns and summing up individual pattern profiles
A given pattern (for example, the YR pattern) is moved along the sequence of interest, one
base pair at a time. A pattern score is generated for each position of the nucleosomal
fragment; as a result, the YR ‘profile’ is obtained for the selected sequence. (This procedure
is often called ‘threading’ – see, for example (35,55,69).) Next, the profiles obtained for
different sequence patterns are summed up as follows. For each nucleosomal fragment
centered at position n, the total score f(n) is defined as

where Si(n) is the score for the ith pattern and wi is the weight for this pattern.

The weights for 28 sequence patterns are either pre-determined (see Sets 1 and 2 in Table
SIII), or optimized (see below). Note that the weights for the ‘critical’ sites SHL ±5.5, ±4.5,
±3.5, ±2 and ±1.5 are twice as large as those for the other sites (see ‘Other’ in Table II). This
is because these sites are characterized by large Roll and/or Slide absolute values, and the
Roll-and-Slide deformations of DNA have been shown to be important for nucleosome
positioning (35).

(d) Combining profiles for the 147-bp and 146-bp nucleosomal templates
In this study, we combined profiles the for 147-bp and 146-bp templates in the following
way. For the nucleosomal fragments starting at position i of the DNA sequence, the
threading score is ascribed to position i+74 (for the 147-bp template) or to position i+73.5
(for the 146-bp template). As a result, we have two sets of scores, one set for the integer and
one set for the half-integer positions. Next, for each integer k, we compare the f(n) values for
n = k and k±0.5. The highest of the three values is assigned to the middle point, k. The
resulting ‘147/146-bp profile’ is compared with the experimentally detected position of the
nucleosome.

(e) Optimizing pattern weights
A minimization procedure was developed to optimize the weights of the patterns, with the
aim of maximizing the difference between the highest threading score f(n) in the ‘vicinity’
of the experimental positions of nucleosomes, and the highest score in the ‘neighboring
regions’ (see below). In other words, we allowed a certain discrepancy (1-2 bp) between the
predicted and experimental positions of nucleosomes, reflecting the limited precision of
mapping experiments and our predictions.

Let us assume that the experimentally determined dyad of a nucleosome is located in
position k. Then, the interval [k−1, k+1] is denoted as the ‘vicinity’ of the dyad, and the
‘neighboring regions’ are defined as the intervals [k−17, k−2] and [k+2, k+17]. Our aim is to
maximize the difference between the two values: max(dyad) = max(f(k−1), f(k), f(k+1)) and
max(background) = max(f(k−17), f(k−16), … f(k−2), f(k+2), … f(k+16), f(k+17)).

To this aim, we minimized the function F defined as follows:
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delta = max(dyad) − max(background)

if (delta < X) then

 F = F − 10 × (delta)

else

 F = F − 10 × X − (delta) + X.

The X value was arbitrarily selected as 3.

The function F was minimized using a standard minimization procedure, to obtain a set of
weights wi (i = 1 to 28), corresponding to the minimal value of F. The resulting weights
were considered to be the ‘optimal fit’ for a selected set of nucleosome positions.

Since the number of sequence patterns considered in this study, 28, exceeds the number of
the sequences in our dataset, 20 (Table I), we grouped certain patterns together by giving
them the same weights during minimization. For example, the patterns YR and YYRR in
positions SHL ±5.5 and ±3.5 were assigned the same weights (see Table II). As a result, we
used 18 independent variables in the course of minimization.

Results and Discussion
‘Canonical’ sequence patterns observed in the in vitro nucleosomal fragments

Twenty nucleosome positions mapped at high resolution (Table I) were selected from the
literature and the corresponding 147-bp fragments were aligned with the experimental dyad
positions (marked in Table SI). As shown in Figure 3a, variation in the combined occurrence
of the AT-rich WW dimers (AA:TT + AT + TA) follows a well-known sinusoidal pattern
(3,34), with the peaks separated by ∼10 bp, between positions 10 and 70. In particular, the
most pronounced peaks at positions 38, 48 and 58-59 are observed in the sites where
nucleosomal DNA is bent into the minor groove (SHL ±3.5, ±2.5 and ±1.5, see Figure 2).
For the GC-rich SS dimers (GG:CC + GC + CG) the pattern is relatively weak with strong
peaks only occurring at positions 33-34, 42 and 53-54, clearly in the predicted major-groove
bending sites (SHL ±4, ±3 and ±2, Figure 2). This is consistent with earlier observations
made for the chicken (34) and yeast (3) NCP fragments – namely, that the AT-rich dimers
are more numerous at sites where DNA bends into the minor groove, while the GC-rich
fragments are frequently found at sites where DNA is bent toward the major groove.

The periodicity of occurrence of the WW and SS dimers were calculated using the auto-
correlation function P(n) (70). The maxima of this function observed at n = 10-11 (Figures
3d-e), indicate a clear ∼10-bp periodicity of the nucleosomal sequences. In other words, the
WW and SS dimers are most frequently separated by a helical turn of the DNA duplex (in
agreement with the ‘canonical’ periodicity observed in genomic sequences (13)). On the
other hand, variation in the combined frequency of the YR dimers (CA:TG + TA + CG) is
more ‘noisy’ in the sense that the peaks occur at least twice every 10 bp (Figure 3c). The
auto-correlation function for the YR dimers has peaks at n = 6 and 10, which indicates a
periodicity of ∼5-bp (Figure 3f). This means that the YR dimers are predominantly
separated by a half-helical turn of the DNA duplex, apparently reflecting the flexible nature
of these dimers, which can easily bend into both the minor and major grooves under certain
conditions. In addition, the TA dimer mostly occurs at minor groove sites, while CG is
frequently found at major groove sites (data not shown). This is in accord with the elastic
energy (35,55) and all-atom energy calculations (56) suggesting that the deformation energy
required to stabilize the minor-groove ‘Kink-and-Slide’ conformation is significantly less
for a TA dimer compared to CG.
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Next, we compared the periodic occurrence of AT-rich dimers (Figure 3a) with those
derived from the chicken (34) and yeast (3) NCP sequences. Interestingly, the profile
presented in Figure 3a is similar to the profile observed for the yeast nucleosomes, but
differs from the profile for the chicken NCPs (71). Namely, the chicken sequences (34) are
characterized by a reversal in the phase of the AT-rich ‘signal’ (between position 60 and the
dyad), whereas this does not occur in either the yeast sequences (3) or the nucleosomes
mapped in vitro (Figure 3a). Since the linker histone (LH) is abundant in chicken but rare in
yeast, we had hypothesized earlier that this phase reversal could be related to LH binding
(71). The fact that the LH-related ‘signal’ is absent in the in vitro nucleosomes supports our
hypothesis, because LH was not present during in vitro reconstitution.

Overall, we see that the nucleosomes selected in vitro follow the ‘canonical’ nucleosome
positioning patterns that are derived from the crystal structures of DNA and DNA-protein
complexes, the NCP sequences from chicken and yeast, and theoretical calculations. The
precise mapping of in vitro reconstituted nucleosomes makes them a unique set of sequences
suitable for testing various predictive sequence patterns.

Nucleosome heterogeneity revealed by ‘canonical’ positioning patterns
To determine whether the aforementioned ‘canonical’ positioning patterns (YR and
alternating AT- and GC-rich patterns) are sufficient to account for the 20 nucleosome
positions, we developed a scheme incorporating these and other patterns (see Methods). The
‘canonical’ sequence patterns include the YR dimers at the minor- and major-groove
bending sites, the WW and WWW motifs at the minor sites, and the SS and SSS motifs at
the major sites. The motifs occurring at the ‘critical’ sites characterized by large absolute
values of Roll and/or Slide (SHL ±5.5, ±4.5, ±3.5, ±2 and ±1.5), are assigned weights twice
as high as the weights for the other sites (see Set 1 in Table SIII).

The positioning scores defined in this way are shown in Figures 4 and S2 (solid curves).
These scores correctly predict about half of the nucleosome positions (9 out of 20) with the
strong maxima of the score profiles occurring within 1 bp from the experimental positions
(see filled circles in Figures 4 and S2; for brevity, the experimentally observed positions of
nucleosomal dyads are denoted below as ‘dyad positions’). Note that the positions of
nucleosomes ‘601’, ‘603’, ‘605’ and four nucleosomes mapped on 5S somatic rDNA, are
among these correctly predicted. For the other nine nucleosomes (marked by open circles),
the predicted scores in the vicinity of the dyad positions (±1 bp) are not higher than for their
neighbors (within ±7 bp intervals). For the remaining two nucleosomes (denoted by squares
in Figure S2), the ‘canonical’ patterns do not predict correctly, with the threading scores
attaining their minima close to the experimental positions. These three sets of nucleosome
positions are represented in Table I as Groups I, II, and III, respectively.

Group III is comprised of the two nucleosome positions, +34 in the X. borealis oocyte 5S
rDNA (66) and −127 in MMTV (67), which differ from the other 18 positions in the
following ways. Position +34 in the oocyte 5S rDNA (66) is separated by ∼1.5 helical turns
(14 bp) from the two adjacent positions in the same sequence, +20 and +58 (Table I). Hence,
the DNA in this nucleosome has a rotational setting opposite that of its neighbors, and it is
not surprising that the score correctly predicts positions +20 and +58, but fails to predict
position +34 (Figure S2d). Position −127 in MMTV has the lowest GC content, 35%,
among all the nucleosomes studied here. Its GC content differs by more than two standard
deviations from the average of the 20 positions shown in Table I (i.e., 54 ± 7 %). Since these
two nucleosome positions behave so differently from the other positions in Groups I and II,
we will consider them separately.
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The main difference between the nucleosomes of Groups I and II is in the relative amplitude
of the predicted positioning score: for Group I, the peaks near the dyad positions (i.e., within
1 bp from the dyads) are much higher than those of their neighbors, while for Group II, this
is not the case. Is this difference related to the behavior of WW and SS patterns in the two
groups of sequences? To check this possibility, we calculated the frequency of occurrence of
the WW and SS dimers for both groups and found that the sequences of Group I are
characterized by a strong periodic WW pattern, with peaks occurring every 10 bp (Figure
5a). The strongest peak corresponds to position 58 (SHL ±1.5), indicating that AT-rich
fragments are most abundant here. This is consistent with the frequent occurrence of the
TTAA tetramer at SHL ±1.5 in clone ‘601’ (50) and other nucleosome positioning
sequences exhibiting high affinity to histone octamer (49). Thus, it is conceivable that the
high occurrence of WW dimers at position 58 (SHL ±1.5) is one of the determinants guiding
positioning of the Group I nucleosomes. On the other hand, the SS dimers also exhibit a
strong sinusoidal pattern with pronounced peaks at positions 24, 33, 43 and 53-54,
corresponding to SHL ±5, ±4, ±3 and ±2 (compare Figures 3b and 5c). Overall, our data
imply that the Group I nucleosomal sequences are characterized by strong periodically
oscillating ‘canonical’ WW and SS patterns and especially high occurrence of the WW
dimers at position 58.

Group II sequences reveal a much less pronounced periodicity of the WW pattern compared
to Group I (see Figures 5a and 5b). In particular, the peak at position 58 is less than half as
high as that observed for Group I, indicating that WW dimers are rare in this area. As an
example, note that in nucleosome 5A, formed on the chicken βA-globin gene (which belongs
to the Group II), the CGCGCG motif occurs at position 58 (61). Therefore, it is quite
possible that sequence patterns other than WW are operative in positioning of this and other
nucleosomes in Group II. The other distinction of the Group II sequences is that the SS
dimers exhibit a more ‘noisy’ profile (compared to Group I), with the peaks separated by ∼5
bp (see Figures 3b and 5d). The distribution of these peaks for Group II sequences suggests
that the SS dimers are frequently found not only at the major-groove but also at the minor-
groove sites (Figure 5d).

In summary, analysis of the positioning scores based on the ‘canonical’ sequence patterns
reveals heterogeneity of the in vitro nucleosomes – some positions can be easily explained
(Group I) while others cannot (Groups II and III). The profiles of WW and SS shown in
Figure 5 confirm the existence of this heterogeneity. This result implies that additional
sequence patterns are required to account for the nucleosome positions in Group II (Table I).

Alternative sequence patterns
To improve prediction of the Group II positions, we incorporated three new motifs – GC and
YYRR at the minor sites and RYRY at the major sites (see Methods and Set 2 in Table SIII).
The resulting positioning scores are shown in Figures 4 and S2 (dotted curves). A
comparison of the solid and dotted curves indicates whether the new patterns help or not.

Clearly, the new positioning scores are in a better agreement with experimental data,
especially for positions 104 in the pGUB plasmid (Figure 4b), −281 in the chicken βA-
globin gene (Figure 4d), and −24 in the somatic 5S rDNA gene (Figure S2c). For all
positions in Group I, the new combined patterns also make correct predictions (note the high
maxima of the dotted curves corresponding to the filled circles in Figures 4 and S2).

Overall, introduction of the new patterns improves, to some degree, prediction of the
nucleosome positions in Group II. Note that the weights for all the patterns were pre-
determined (see Sets 1 and 2 in Table SIII); they can be optimized not only to further
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improve the ‘quality’ of prediction, but also to help in understanding which sequence
patterns are most critical for which group of nucleosomes (see below).

Nucleosome positioning scores with optimized weights
To optimize the weights for the sequence patterns, we developed a minimization procedure
incorporating 28 patterns (see Methods and Table SIII). Since the number of patterns
exceeds the number of sequences, 20, we combined some of the 28 patterns to make 18
subsets, e.g., YR together with YYRR, WW with WWW, and SS with SSS (Table II). The
variable weights for the patterns from the same subsets have identical values during
minimization.

We first optimized the weights for the Group I and II positions to obtain a ‘universal’ set of
weights satisfying both groups (Table II). As follows from the resulting score profiles shown
in Figure 6, 15 out of the 18 positions are predicted with 1-bp precision (denoted ‘+’ in
Table I), two positions are predicted with 2-bp precision and one position with 3-bp
precision (denoted Δ2 and Δ3 respectively in Table I). Note that for the two positions, clone
‘603’ and +70 in MMTV, which are predicted with 2-bp precision using the ‘universal’ set
of weights, the prediction can be improved by using the optimized weights for Groups I and
II, respectively, given in Table II (compare the solid and dotted lines in Figures 6e, k).

The two positions in Group III were optimized individually, using the same minimization
procedure (Table II). Clearly, both of them can be predicted with 1-bp precision (Figure S3).
The optimized weights for Group III differ from those for Groups I and II in two respects –
first, the relatively low weights (< 1) for the GC pattern at all minor-groove sites; second,
the high weight (= 2) for the YR pattern at the ‘non-critical’ major-groove sites. These
differences can explain why the Group III positions cannot be predicted using the optimized
weights obtained for the other 18 positions of Groups I and II (Figures 6h, j).

Asymmetry of nucleosomal sequences
Both natural and artificial nucleosome positioning sequences are characterized by certain
degree of asymmetry. One of the first examples of this kind came from the sequence
analysis of nucleosome dimers in chicken erythrocyte chromatin (72). It showed that in at
least one of the two nucleosomes, the AT-containing elements were distributed
asymmetrically with respect to the dyad. Recently, it was shown that in the +1 nucleosomes
in yeast (i.e., nucleosomes adjacent to transcription start sites) the AT-content gradually
decreases in direction from the 5′-end to the 3′-end of the transcript (8). As to the artificially
selected nucleosomal sequences such as 601 clone, the high-affinity TA and TTAA motifs
occur predominantly in one half of the nucleosome (73). This makes one half of nucleosome
‘stronger’ than the other half. In turn, this asymmetry defines the strength and polarity of the
barrier precluding elongation of transcription by RNA polymerase II (63). In this context, it
is interesting to analyze the asymmetry level of the sequences belonging to Groups I and II.

To introduce a quantitative descriptor for the level of asymmetry of nucleosomal sequences,
we performed the following procedure. We first selected ‘orientation’ of the sequences in
the Groups I and II by comparing the positioning scores for both halves of the nucleosome
fragments, using a ‘universal’ set of optimized weights (see Table II and Set 3 in Table
SIII). The half with the higher score was considered to be ‘strong’ and the other half was
denoted as ‘weak.’ All the sequences were oriented from the ‘strong’ to ‘weak’ direction,
and threaded on the nucleosomal templates using the same set of weights. This time, the
positioning scores were calculated separately for two halves of nucleosomes (Figure S4).

As expected, the ‘strong’ halves of nucleosomes have higher positioning score compared to
the ‘weak’ halves, but the ratio of the two scores does not exceed 1.2 on average, both for
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the Groups I and II. (The ratio is calculated for the ‘strong’ and ‘weak’ threading scores at
the experimental position 0, see Figure S4.) This result indicates that the asymmetry of the
nucleosomal sequences analyzed here is relatively insignificant. Thus, our main conclusions
derived from threading the sequences on the symmetric nucleosomal templates would still
hold even if the asymmetry of nucleosomes were taken into account. Another interesting
point is that the overall score for the Group I sequences is higher and demonstrates a
stronger periodicity, compared to the Group II. Based on this observation, we suggest that
the Group I nucleosomes (i.e., 601) may be positioned stronger than the Group II
nucleosomes (i.e., chicken β-globin).

Structural interpretation of individual sequence patterns
Next, we optimized the weights for Groups I and II separately to understand which patterns
are the most critical for these nucleosome positions (Table II). Our data show that the two
groups differ drastically in the weights for the YR/YYRR patterns at the ‘critical’ minor-
groove sites. The best fit of the Group I positions is achieved when these weights are as high
as possible (weights = 2) for the sites SHL ±1.5 and ±4.5, and as low as possible (weights =
0.5) for SHL ±3.5 and ±5.5. For Group II, however, the tendency is the reverse (Table II).

Group II positions—Using a DNA deformation energy function based on the high
resolution crystal structure of a nucleosome (54), Tolstorukov et al. (35) precisely predicted
five nucleosome positions including the chicken βA-globin nucleosome (also see ref. 74),
two pGUB nucleosomes and two sea urchin 5S nucleosomes (Table I). Four of these five
positions belong to Group II (Table I). Moreover, these authors showed that the computed
energy cost of deforming DNA in a nucleosome is greatly reduced if the YR base-pair steps
(in particular, CA:TG and TA) occur at the sites with large positive Slide and negative Roll,
SHL ±3.5 and ±5.5. Thus, the fact that the YR/YYRR patterns at these sites have high
weights according to our data (Table II) is entirely consistent with the results of Tolstorukov
et al. (35). This indicates that the DNA trajectories in nucleosomes of Group II are likely to
agree with the X-ray structure (with the strongest DNA deformations at SHL ±3.5 and ±5.5,
caused by interactions with H2A and H2B histones).

Group I positions—On the other hand, the ‘601’ nucleosome position that was poorly
predicted by Tolstorukov et al. (35), belongs to Group I, which is characterized by high
weights (= 2) for the YR/YYRR patterns at the minor-groove sites SHL ±1.5 and ±4.5
(Table II). Note, however, that the crystallized nucleosomal DNA (54) is distorted at these
sites less severely than at the sites SHL ±3.5 and ±5.5. Therefore, interpretation of the ‘601’
position should not be based solely on the crystal structure of nucleosome 1KX5 (54).

Furthermore, in the Group I sequences, the WW/WWW patterns at the sites SHL ±1.5 are
assigned high weights = 2 (Table II), in accord with the frequent occurrence of the WW
dimers at these locations (Figure 5a). Thus, the strong coupling of the YR/YYRR and WW/
WWW motifs at SHL ±1.5 suggests that these may be key patterns that guide the
positioning of Group I nucleosomes. (Importantly, the sites SHL ±1.5 are GC-rich in
crystallized nucleosomal DNA (54) – there are GGC:GCC trimers at positions 58-60 and
88-90. This is yet another argument against using the crystallized nucleosome 1KX5 as a
structural basis for interpretation of Group I nucleosome positions, including ‘601’.)

In contrast to SHL ±1.5, the sites SHL ±4.5 are enriched by GC dimers, as shown by the
high weights (= 1.7) obtained in the course of optimization (Group I in Table II). As
mentioned in the Introduction, the GC dimers typically have a negative Roll (26,27) that
facilitates bending of DNA into the minor groove. As to the unfavorable interactions
between the GC pairs and the histone arginines in the minor groove, the arginine residues
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from histone H2B, R27 and R30, are among the most flexible in the histone core (56) –
instead of penetrating deep into the minor groove, these arginines can interact with
phosphate groups (if the DNA sequence is GC-rich at these sites).

Finally, the major sites SHL ±2 are critical for the nucleosome positions of Group I, as the
YR, RYRY and SS/SSS patterns have high weights (Table II). These patterns facilitate DNA
bending into the major groove at these sites.

Overall, our data suggest that the DNA trajectories in nucleosomes of Group I are probably
different from those of the crystallized nucleosome 1KX5. Most likely, the DNA
deformations predominantly occur around the sites SHL ±1.5 and ±2 (in the central part of
nucleosomal DNA interacting with the H3/H4 tetramer), and at the sites SHL ±4.5
(interacting with the H2B histones). According to a recent single-molecule study (75) of the
histone-DNA contacts in the ‘601’ nucleosome, the strongest interactions occur in three
regions, one around the dyad (between SHL −1.5 and SHL +1.5) and the other two at the
sites SHL ±4.5, thereby supporting our interpretation.

Additional evidence in favor of our hypothesis follows from ‘threading’ the 147-bp long α-
satellite sequence (54) on a shortened nucleosomal template (Figure S5). The positioning
profile computed with the weights optimized for Group II sequences has the highest score at
the experimental dyad. If, however, the Group I weights are used, the dyad position
corresponds to a minimum of the computed profile. This result indicates that the sequence
patterns associated with Group II are consistent with positioning of crystallized nucleosome
formed on the α-satellite sequence, which in turn supports the notion that the nucleosomal
DNA of Group II (but not of Group I) follows an X-ray-like trajectory, with the strongest
DNA deformations at the sites SHL ±3.5 and ±5.5.

Conclusion
We analyzed 20 nucleosome positions mapped in vitro with high resolution and found that
overall, the underlying DNA sequences contain regularly spaced ‘canonical’ patterns
associated with anisotropic DNA bending and nucleosome positioning, such as YR dimers
and alternating AT-rich/GC-rich motifs. We therefore developed positioning score functions
implementing these patterns, with the aim of predicting the positions of these nucleosomes,
and found that about half of them could be predicted with 1-bp accuracy, including the well-
known ‘601’ nucleosome. Predictions for the remaining positions were improved by
incorporation of new ‘alternative’ patterns (GC and YYRR/RYRY motifs) and subsequent
optimization of the weights of sequence patterns. As a result, 17 of the 20 positions were
predicted with 2-bp precision, and, 15 of the 17 were predicted with 1-bp precision.

From these data, we conclude that most of the in vitro nucleosomes can be divided into two
Groups (I and II) according to the positioning ‘rules’ they follow. The nucleosome positions
in Group II, for nucleosomes such as the chicken β-globin nucleosome, are characterized by
the frequent occurrence of minor-groove bending sequence patterns such as YYRR (e.g.,
TTAA and CTAG) at the sites SHL ±3.5 and ±5.5, where the DNA minor groove interacts
with the H2A and H2B histones. Group II nucleosome positions have been correctly
predicted based on DNA deformation energy function (35). We therefore assume that these
nucleosomes follow an X-ray like pattern, with the strongest DNA deformations occuring at
the sites SHL ±3.5 and ±5.5.

By contrast, the nucleosomes of Group I (including the ‘601’ clone) have a quite different
sequence pattern, in which sites SHL ±1.5 and ±4.5 play important roles in positioning. The
importance of SHL ±1.5 (sites of DNA interactions with the H3/H4 tetramer) has been
addressed in earlier studies (35,49,50,55,62). The sites SHL ±4.5, however, have been
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largely ignored until now. Based on our results, we suggest that nucleosomes like ‘601’ may
differ from the crystal structures published to date, with strong DNA deformations occurring
at the sites SHL ±1.5 and ±4.5. This is in line with a recent study presenting a detailed map
of histone-DNA interactions in the ‘601’ nucleosome showing that the strongest interactions
occur in three regions, one around the dyad (between SHL −1.5 and SHL +1.5) and the
other two at the sites SHL ±4.5 (75).

In summary, our analysis reveals a clear heterogeneity of the in vitro nucleosomes at the
sequence level, which we correlate with the structural features of nucleosomal DNA (see
also (35,55)). We believe that this heterogeneity may be biologically important. In
particular, nucleosomes in the promoter regions may follow different positioning ‘rules’
compared to ‘bulk’ nucleosomes in other genomic regions (e.g., because of drastically
increased GC content in promoters of higher eukaryotes). However, the relatively small set
of 20 nucleosome positions studied here was not sufficient to explore this issue further.
Millions of nucleosome positions mapped genome-wide are better suited to answer this and
other questions on the sequence-structure relationship in nucleosomes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of the “mini-kink” model for nucleosomal DNA bending (22,38), (a), and the
crystallographic structure of a nucleosome (54), (b). (a) According to the model, bends into
the major and minor grooves occur predominantly at the YR (red) and RY (blue) dimers,
respectively. (b) Directionality and extent of the DNA bending in the nucleosomal X-ray
structure (54) are generally consistent with the earlier model shown in (a). The DNA
fragment shown corresponds to the superhelical locations SHL −4 and −3.5 in the X-ray
structure 1KX3 (54). The color coding is the same as in (a): red for positive Roll (bending
into the major groove) and blue for negative Roll (bending into the minor groove). The
actual Roll values are about ±15-20°, which is close to ±22.5° estimated by the “mini-kink”
model (22,38).
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Figure 2.
Locations of the minor- and major-groove bending sites. (Left) The crystal structure of the
1KX5 nucleosome with 147-bp long DNA (54) shown schematically: the DNA fragment is
divided into two halves, separated by the dyad (black ball and arrow). The base-pair centers
in the ‘anterior’ half are represented by large balls, and the sugar-phosphate backbone is
shown by a yellow ribbon. For the ‘posterior’ half of the nucleosome, the base-pair centers
are connected by sticks. The fragments whose minor grooves face the histone octamer (grey
cylinder) are colored in blue (minor-groove bending sites), while the fragments whose minor
grooves face away from the histone are colored in red (major-groove bending sites). The
minor- and major-groove sites are defined based on the Roll values of the 147-bp core DNA,
shown in Figure S1. (Right) The exact location for each site in the ‘anterior’ half is given,
which is symmetric to the corresponding site in the ‘posterior’ half with respect to position
74 (for the 147-bp template) or position 73.5 (for the 146-bp template). The sites with the
highest Roll values (‘critical sites’) are indicated by larger letters (superhelical locations
SHL −1.5, −2, −3.5, and −5.5).
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Figure 3.
Positioning of the WW (AA:TT + AT + TA), SS (GG:CC + GC + CG) and YR (CA:TG +
TA + CG) dimers in the 20 nucleosome sequences, each 147 bp in length (Table I). (a-c)
Combined frequencies of occurrence for the three sets of dimers ‘symmetrized’ with respect
to the dyad at base-pair step 73.5 (vertical dashed lines).
(d-f) The distance autocorrelation function, P(n), represents the frequency of occurrence of
two dimers from the same set (e.g., WW, SS or YR) with the distance n between them (70).
Complete 147-bp fragments in both strands were used to calculate this function. The raw
data are shown in thin lines and the 3-point averages are in thick lines (blue for WW, and
red for SS). Note that this color coding is the same as in Figure 1, because the WW and SS
dimers preferentially occur at the sites where DNA bends into the minor and major grooves,
respectively (3,34).
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Figure 4.
Profiles of the positioning scores combining individual sequence patterns. Solid curves (Set
1) represent the scores based on the ‘canonical’ sequence patterns YR, WW/WWW and SS/
SSS. Dotted curves (Set 2) represent the scores based on the combined patterns including
several new patterns (YYRR, RYRY and GC) in addition to the ‘canonical’ patterns.
Weights of the patterns were pre-determined (see Methods and Table SIII, Sets 1 and 2).
The experimental dyad positions are denoted by circles and squares. The filled and open
circles represent the dyad positions in Groups I and II, respectively, while the squares
represent the positions in Group III (see Table I).

Cui and Zhurkin Page 20

J Biomol Struct Dyn. Author manuscript; available in PMC 2010 November 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Frequency of occurrence of WW (AA:TT + AT + TA) and SS (GG:CC + GC + CG) versus
base-pair step position for the nucleosomal fragments in Groups I (a and c) and II (b and d).
The combined frequencies are ‘symmetrized’ with respect to the dyad at base-pair step 73.5
(vertical dashed lines). The raw data are shown in thin lines and the 3-point averages are
shown in thick lines. The lines are colored as in Figure 3.
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Figure 6.
The positioning score profiles combining sequence patterns with the optimized weights. The
solid lines represent the scores based on the optimized weights for the positions of both
Groups I and II. The dotted lines show the score profiles based on the weights for the Group
I positions (a and e) or for the Group II positions (k); see Table II for the weight values. The
experimental dyad positions are shown by circles and squares, as described in Figure 4.
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