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Autocorrelation analysis of human nucleosome sequences 

Since the periodic pattern in yeast was most pronounced for the strongly-

positioned H2A.Z sequences (Albert et al., 2007), we confirmed the absence of the 

periodic patterns in the 10% of human nucleosome sequences associated with highest 

numbers of sequenced tags (Figure S18). The sequence organization in the vicinity of the 

TSS differs in human and yeast (Lander et al., 2001; Oliver et al., 1992) and we verified 

that the 10-bp periodicity is not exhibited by the nucleosomes associated with the subsets 

of genes stratified by the presence of CpG islands, TATA-box, INR motif or by overall 

GC content in the TSS proximity (Figure S19-21).  

Transcription machinery may shift nucleosomes from the thermodynamically 

favorable locations, hindering detection of the 10-bp pattern in nucleosome sequences. 

Using the availability of expression data for resting CD4+ T cell where ‘bulk’ 

nucleosomes were detected (Schones et al., 2008) we confirmed that similar results can 
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be obtained for all the detected ‘bulk’ nucleosomes and for the subsets associated with 

transcriptionally active and silent genes (Figures S14, S21I,J). 

 

Validation of inner variation in GC-profile for human H2A.Z nucleosomes 

In addition to the validation described in the main text, the GC-content and tag 

density profiles were calculated for human H2A.Z sequences that contain inner tags at 

only one side of the distinctive 147-bp fragment (Figure S24) and for the sequences that 

contain inner tags at both ends of the 147-bp fragment (Figures S25). Only one 

pronounced variation in GC-profile is seen in the first case and two symmetrical 

variations are seen in the second case. To exclude possible bias due to nucleosome 

detection procedure we calculated GC-profile for all sequenced H2A.Z tags extended to 

200 bp towards 3’-end (Figure S26). The corresponding variation in GC-content is 

clearly seen for this set of sequences 120-130 bp downstream from the cut site. No 

complementary sequences were added in this case therefore the GC-content variation 

cannot be an artifact of accounting for both direct and reverse sequences for each H2A.Z 

nucleosome fragment. 

 

The 10-bp periodicity in tag density and average dinucleotide profiles 

The emergence of the 10-bp periodicity in the distribution of the sequenced tags 

without the 10-bp periodicity in the underlying DNA sequence may be connected to the 

formation of higher order chromatin structures (Thoma, 1992). For example, the shift of 

the histone core on the DNA sequence by 5 bp would result in 180-degree rotation of the 

nucleosome in 3D space. Such a rotation has to be compensated by adding torsion stress 

to the DNA molecule in the linker regions in order to maintain the nucleosome packaging 

into a fiber. This mechanism does not require presence of any periodicity in the 

underlying DNA sequence. 

Another possible mechanism, which can also be responsible for emergence of 10-

bp periodicity in average dinucleotide profiles, is connected to the presence of a strong 

positioning signal that does not exhibit 10-bp periodicity in the DNA sequence. Such a 

signal may appear as a single motif of about 10 bp in length or as several shorter motifs 

forming a specific pattern along the 147-bp path of nucleosomal DNA (Figure S28). In 



the case of the rest of the nucleosomal DNA being ‘neutral’ in terms of nucleosome 

positioning, presence of even a sparse positioning signal may determine rotational setting 

of a nucleosome. An example of such a ‘distributed’ positioning signal is presented in 

Figure S28B-E. Although there is no apparent periodicity in the DNA sequence, the clear 

rotation preference is seen in the distribution of the sequenced tags and in the 

deformation energy profile around the detected nucleosome position. We compared the 

deformation energy score at each dinucleotide step of nucleosomal DNA calculated for 

the genomic sequence and for a DNA model without sequence-dependence of the 

structural properties, so called mixed-sequence DNA (Tolstorukov et al., 2007). As 

expected for the positioning sequence, the energy score is noticeably lower for the 

genomic DNA, by more than 15%. Many of the steps that provide the largest contribution 

to the energy score difference arrear at the sites of extreme DNA deformations associated 

with DNA bending into the minor groove (Tolstorukov et al., 2007). Analysis of the 

dinucleotide step distribution in this sequence shows that although in some cases the 

same steps appear to be separated by ~10 bp (green oval) in most cases the same steps are 

separated by other distances (red oval). In many cases different steps occupy the critical 

positions separated by ~10 (blue oval) effectively diminishing the deformation energy, 

which also does not contribute to the formation of the 10-periodicity in the sequence.  

To check if it is possible to obtain the pronounced 10-bp pattern in the sequences 

that do not have 10-bp periodicity by shifting the histone core several base pairs to select 

the preferable rotational setting we performed the following simulation. The set of 

random sequences was aligned in such a way that the occurrences of AA dinucleotides 

were maximized at the locations separated by 10 bp intervals (Figure S29). The maximal 

allowed sequence shift during alignment was 3 bp. The average dinucleotide profile 

calculated for the aligned sequences shows clear 10-bp periodicity not only for AA 

dimers but also for GG dimers in counter-phase.  

The described mechanisms are not exclusive and may be both operative in the 

human genome. Obviously, the presence of the sequences, exhibiting 10-bp periodicity 

may be even more effective for restricting nucleosome rotational setting than the 

mechanisms described above; such sequences, however, were not detected in noticeable 

numbers in our analysis of the human chromatin. 
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SUPPLEMENTAL FIGURE CAPTIONS: 

 

Figure S1. MNase digestion of human chromatin from HeLa cells. 

(A) Chromatin samples enriched for H2A and H2A.Z nucleosomes were treated with 280 

U/ml MNase for one hour at room temperature to verify the differences between the 

digestion of the canonical H2A nucleosomes and the nucleosomes containing H2A.Z 

variant. After deproteinization DNA fragments were run for a longer time on 7% 

acrylamide gel than in the case shown in Figure 2 in the main text to display the 

differences between the digestion of the H2A and H2A.Z nucleosomes more clearly. The 

1-kb ladder is shown on both sides of the gel.  



(B) Chromatin samples were treated with increasing amounts of MNase (140, 280, and 

700 U/ml) for one hour at room temperature. Results for the input and for the samples 

enriched for H2A and H2A.Z nucleosomes are shown for each MNase concentration 

tested.  

(C) MNase digestion of the in vitro assembled recombinant H2A and H2A.Z 

nucleosomes. Nucleosomes were reconstituted on the TPT positioning sequence and 

treated with 280 U/ml MNase for increasing periods of time, 25s, 1.5m, 3m, 4.5m 

(indicated on the plot). PAGE was used to check the lengths of the digestion products. 

 

Figure S2. Tag density distribution around H2A.Z nucleosome predictions based on 117-

bp inter-strand peak distance. Dark red and blue lines represent tag density on the 

positive and negative strands respectively. Dotted orange lines mark the possible 

positions of secondary peaks expected for the alternative orientation of the shortened 

117-bp fragments relative to the complete 147-bp sequence in the cell population. Upper 

diagram: the cyan line gives a 117-bp reference and the gray lines give 147-bp reference 

lengths. 

 

Figure S3. Secondary nucleosome positions tend to be separated by 10 bp. Many 

nucleosomes exhibit tag patterns suggesting multiple overlapping preferred positions. 

The plot shows distribution of distances between secondary positions belonging to the 

same coarse-grained nucleosome call. Both H3K4me3 (black) and H2A.Z (red) 

nucleosomes show preferred distance of 10 bp between the secondary positions. 

 

Figure S4. The autocorrelation in the H2A.Z tag density shown for the tags located in the 

2-kb proximity of the TSS of annotated genes (black line) and for the tags distant from 

the TSS (red line).  

 

Figure S5. The nucleosome positioning patterns around TSS of the genes characterized 

by presence of (A) CpG island, (B) TATA-box, and (C) INR motif. 

 

Figure S6. Comparison of the WW and SS dinucleotide profiles for the yeast H2A.Z 

nucleosome sequences determined by Albert et al., 2007 (cyan and pink lines) and using 



the nucleosome detection algorithm developed in this study (blue and red lines). The set 

from Albert et al. comprises ~8,000 nucleosome sequences and the set determined in this 

study comprises ~ 6,000 nucleosome sequence.  

 

Figure S7. Dinucleotide profiles for the sequences around all MNase cut sites determined 

in ChiP-Seq experiment for human and yeast H2A.Z nucleosomes. Sequences are aligned 

by the cut site at positions zero. The sequences only in direct orientation were taken into 

consideration. (A,B) Profiles for WW and SS dinucleotides and (C,D) profiles for AA, 

TT, CC, and GG dinucleotides for human and yeast H2A.Z sequences respectively. 

 

Figure S8. Dinucleotide profiles for the nucleosome sequences and the sequences around 

all MNase cut sites for human H3K4me3-enriched and 'bulk' nucleosomes. (A,B) 

Average profiles for WW and SS dinucleotides calculated for nucleosome sequences in 

H3K4me3 and 'bulk' nucleosomes. Profiles for human sequences are shown with red and 

blue lines. Corresponding profiles for yeast H2A.Z sequences are shown with pink and 

cyan lines for comparison. (C,D) Profiles WW and SS dinucleotides and (E,F) profiles 

for AA, TT, CC, and GG dinucleotides for sequence around experimental cut sites in 

human H3K4me3 and 'bulk' nucleosome sets respectively. The sequences are aligned by 

the cut site at positions zero. Sequences only in the direct orientation are taken into 

consideration. 

 

Figure S9. Dinucleotide autocorrelation function for human and yeast nucleosome 

sequences. Data are shown for WW, SS and 10 individual dinucleotides. The 

complementary dinucleotides were considered separately (AA≠TT). Since both direct and 

reverse orientations were used for calculation of autocorrelation function the profiles for 

complementary dinucleotides are identical and only one profile is shown in each case. 

 

Figure S10. Dinucleotide autocorrelation function for human H3K4me3 nucleosome 

sequences. Data are shown for WW, SS and 10 individual dinucleotides.  

 

Figure S11. Dinucleotide autocorrelation function for human 'bulk' nucleosome 

sequences. Data are shown for WW, SS and 10 individual dinucleotides.  



 

Figure S12. Periodograms representing the spectral density calculated for the 

autocorrelations of 10 individual dinucleotides in human and yeast H2A.Z nucleosome 

sequences. The complementary dinucleotides were considered separately (AA≠TT). The 

red lines represent the power spectral density for nucleosomal sequences and solid and 

dashed blue lines represent the statistical significance levels P = 0.001 and P = 0.05 

respectively (not corrected for multiple hypothesis testing). Randomizations for 

individual dinucleotides were repeated 10 times (independently in each of three 41-bp 

non-overlapping windows per sequence) and the random sequence with the dimer 

composition closest to that of genomic sequence was taken for further analysis. 

Note that the power density frequently reaches the level of significance P = 0.05 on the 

periodograms, which is expected for such a relaxed criterion. We are not focusing on 

such observations for three reasons: (i) the periods corresponding to such instances are 

not consistent between the plots, (ii) most of these periods cannot be directly related to 

the structural organization of nucleosomal DNA, and (iii) substantial number of points 

are expected to cross P = 0.05 level by chance, given the number of points in each plot 

and number of subsets examined. 

 

Figure S13. Periodograms representing the spectral density calculated for 

autocorrelations of the WW, SS, and 10 individual dinucleotides in the human H3K4me3 

nucleosomes. 

 

Figure S14. Periodograms representing the spectral density calculated for 

autocorrelations of the WW, SS, and 10 individual dinucleotides in the broad class of 

human nucleosomes not associated with any specific histone variant or modification. 

Many of the nucleosomes in this set are located in DNA regions containing considerable 

fraction of repetitive sequences. Since presence of the repeats in nucleosome sequences 

can interfere with the periodicity analysis, increasing the level of noise in the power 

spectra, the nucleosomes containing the repetitive sequences were filtered out. 

 

Figure S15. Dinucleotide autocorrelation function for the sets of human and yeast H2A.Z 

sequences located near all experimentally determined MNase cuts. Each cut site was 



treated as 5'-end of nucleosomal fragment. The sequences only in direct orientation are 

included in the analysis. Data are shown for WW, SS and 16 individual dinucleotides. 

The complementary dinucleotides were considered separately (AA≠TT).  

 

Figure S16. Dinucleotide autocorrelation function for human H3K4me3 sequences 

located near all experimentally determined MNase cuts. Data are shown for WW, SS and 

16 individual dinucleotides. 

 

Figure S17. Dinucleotide autocorrelation function for human 'bulk' nucleosome 

sequences located near all experimentally determined MNase cuts. Data are shown for 

WW, SS and 16 individual dinucleotides. 

 

Figure S18. Periodograms representing the spectral density calculated for the 

autocorrelations of WW (=AA, TT, AT, TA) and SS (=GG, CC, GC, CG) in the 10% of 

nucleosome sequences that are associated with highest numbers of sequenced tags. (A) 

human H2A.Z, (B) human H3K4me3, and (C) human ‘bulk’ nucleosomes 

 

Figure S19. Periodograms representing the spectral density calculated for the WW and 

SS dinucleotides in the subsets of human H2A.Z nucleosomes. (A) Nucleosome 

sequences that have GC-content higher than 60% and (B) GC-content lower than 50%; 

(C-H) nucleosome positions located in the proximity of TSS (±2 kb) characterized by the 

presence (C,E,G) or absence (D,F,H) of CpG island, TATA-box, and INR motif, 

respectively.  

 

Figure S20. Periodograms representing the spectral density calculated for the WW and 

SS dinucleotides in the subsets of human H3K4me3 nucleosomes. (A) Nucleosome 

sequences that have GC-content higher than 60% and (B) GC-content lower than 50%; 

(C-H) nucleosome positions located in the proximity of TSS (±2 kb) characterized by the 

presence (C,E,G) or absence (D,F,H) of CpG island, TATA-box, and INR motif, 

respectively.  

 



Figure S21. Periodograms representing the spectral density calculated for the 

autocorrelations of WW and SS dinucleotides in the subsets of human ‘bulk’ 

nucleosomes. (A) Nucleosome sequences that have GC-content higher than 60% and (B) 

sequences that have GC-content lower than 50%; (C-H) nucleosome positions located in 

the proximity of TSS (±2 kb) characterized by the presence (C,E,G) or absence (D,F,H) 

of CpG island, TATA-box, and INR motif, respectively, and (I,J) nucleosome positions 

within the boundaries of no more than 2 kb upstream of 5’-ends of the expressed and 

silent genes respectively. 

 

Figure S22. MNase bias reflected in the average nucleotide profile of the DNA 

fragments around 5’-ends of all sequence tags in the Solexa data. Profiles for the 

individual nucleotides and GC-profile are shown. Zero position on the x-axis corresponds 

to the MNase cut. 

 

Figure S23. Tag density (upper panels) and average GC-profiles (lower panels) 

calculated for H2A.Z nucleosomes located in the proximity of the H3K4me3 

nucleosomes. Results are shown for the H2A.Z nucleosomes shifted by no more than 5 

bp (A) and by 30-50 bp (B) relative to the H3K4me3 nucleosomes. 

 

Figure S24. Tag density (A) and average GC-content profile (B) for the subsets of 

H2A.Z nucleosomes containing only one inner-cut site inside 147-bp fragments. Dark red 

and blue lines in (A) represent tag density on DNA positive and negative strands 

respectively. The sequences in the subset were oriented in such a way that cuts occur at 

3'-end side relative to the "plus" strand. Thick line in (B) represents 11-bp smoothing of 

the initial data shown with thin line. 

 

Figure S25. Tag density (A) and average GC-content profile (B) for the subsets of 

H2A.Z nucleosomes containing two inner-cut sites inside 147-bp fragments. The 

sequences in the subset are oriented in such a way that cuts occur at 3'-end side relative to 

the 'plus' strand. The sequences only in direct orientation were included in the analysis 

(i.e., no complementary sequences were added). 

 



Figure S26. GC-content profiles for the sequences around all MNase cut sites for human 

H2A.Z sample. Sequences are aligned by the cut site at position zero, so that the 

nucleosome fragments protected from the digestion are located on the right side. The 

147-bp distance from the cut site is marked with red line. The sequences only in direct 

orientation are taken into consideration. 

 

Figure S27. Periodograms representing the spectral density for the WW and SS 

dinucleotide autocorrelation functions calculated in the 2-kb regions around transcription 

starts in human (A,B) and yeast (C) genomes. Results are shown for the human genes 

where at least one stable H2A.Z (A) or H3K4me3 (B) nucleosome position was detected 

and for all yeast genes (C). 

 

Figure S28. Restricted rotational setting of a nucleosome as a result of the presence of a 

positioning signal not exhibiting the 10-bp periodicity.  

(A) Schematic illustration of the underlying mechanism. Thick color bars represent the 

sequence motifs favorable for the sites where the DNA minor groove faces inward (blue) 

and outward (red) the histone surface (gray), or in between such sites (green). Red arrow 

indicated relative orientation of the histone core and DNA. Since similar structural 

organization is imposed by the histone core on nucleosomal DNA with a periodicity 

about 10 bp (Luger et al., 1997) such a sequence motif would be favorable for the all the 

settings of the histone core on the DNA separated by 10-bp distance.  

(B) Example of the detected nucleosome position exhibiting clear 10-bp rotational 

positioning. The H3K4me3 nucleosome from the promoter region of the gene TIMM17A 

is shown. Red and blue bars represent the tag counts on the plus and minus strands 

respectively. The smoothed tag density is shown with red and blue lines. 

(C) The 147-bp sequence corresponding to the nucleosome position shown in (A). The 

sites of the minor and major groove bending are colored blue and red respectively; the 

10-bp periodicity is assumed in locations of these sites, which correspond to the observed 

sequence periodicity in location of WW and SS dimers in the published profiles for yeast 

and worm sequences (Albert et al., 2007; Johnson et al., 2006; Segal et al., 2006). There 

is no apparent 10-bp periodicity in the human sequence. 



(D) Deformation energy profile calculated around the nucleosome position shown in (A). 

The deformation energy was calculated as described in (Tolstorukov et al., 2007), using 

central 129 bp of the high-resolution nucleosome structure symmetrized relative to the 

dyad (Davey et al., 2002). The main minimum in the profile corresponds to the 

experimentally detected nucleosome position (position zero) with 2-bp accuracy. The 

local minima indicated with numbers correspond to the same rotational setting of the 

nucleosome. 

(E) The eleven dinucleotide steps making the largest contributions to the difference 

between the deformation energy score of the genomic sequence and the averaged mixed-

sequence DNA, which represents the duplex with no sequence dependence of the 

structural properties. The positions of the steps relative to the center of the predicted 

nucleosome are indicated above the sequence and the contributions of each step to the 

energy difference are indicated blow the sequence. The total energy score of the genomic 

nucleosome sequence is 128 au less than that of the mixed-sequence DNA, which is 

indicative of the positioning sequence. 

 

Figure S29. Alignment of random sequences can result in pronounced periodicity in 

average dinucleotide profile. (A) Schematic illustration of the alignment. Random 

sequences are shifted so that the frequencies of a specific dinucleotide (AA) are 

maximized at given locations in the average profile. The enrichments at the locations 

separated by 10 bp (red rectangles) originate from different sequences. (B) Average 

profiles for AA, TT, GG, and CC dinucleotides in a set of random sequences of the same 

size and dinucleotide composition as those of the set of human H2A.Z nucleosomes. (C) 

Average profiles for the random set after alignment aimed to maximize the frequencies of 

AA dinucleotides at base pairs +/-4,5,6, 14,15,16,...,64,65,66 relative to sequence center. 

The maximal sequence shift allowed in the alignment was 3 bp. Both direct and reverse 

sequence orientations were accounted for and smoothing in 3-bp running window was 

applied to the profiles in (B) and (C). 

 

Figure S30. GC-profile for the human nucleosomes from resting CD4+ T cells. Both 

direct and reverse sequence orientations were considered. 

 



Figure S31. Histogram of the distances between 5’-5’ and 3’-3’ ends of H2A.Z 

nucleosome predictions based on the 117-bp and 147-bp distance between peaks in the 

tag density. 

 

Figure S32. Results obtained for the tag contributions normalized by the relative 

occurrence of the 5-mers at the sites of the MNase cuts and genome-wide. (A) Stable 

nucleosome pattern around TSS; (B) periodograms of the WW and SS dinucleotide 

autocorrelations calculated for the H2A.Z and K4me3 nucleosome predictions; (C) GC-

profiles for the H2A.Z and K4me3-associated sequences. 
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Figure S15 continued
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Figure S15 continued
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Figure S16
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Figure S16 continued
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Figure S17
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Figure S17 continued
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Figure S18
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Figure S19 continued
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Figure S20 continued
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Figure S21
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