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Abstract

Chromatin is a supramolecular DNA-protein complex that compacts eukaryotic genomes and 

regulates their accessibility and functions. Dynamically disordered histone H3 N-terminal tails 

are among key chromatin regulatory components. Here, we used high-resolution-magic-angle-

spinning NMR measurements of backbone amide 15N spin relaxation rates to investigate, with 

residue-specific detail, the dynamics and interactions of H3 tails in recombinant 13C,15N-enriched 

nucleosome arrays containing 15, 30 or 60 bp linker DNA between the nucleosome repeats. These 

measurements were compared to analogous data available for mononucleosomes devoid of linker 

DNA or containing two 20 bp DNA overhangs. The H3 tail dynamics in nucleosome arrays were 

found to be considerably attenuated compared to nucleosomes with or without linker DNA due 

to transient electrostatic interactions with the linker DNA segments and the structured chromatin 

environment. Remarkably, however, the H3 tail dynamics were not modulated by the specific 

linker DNA length within the 15–60 bp range investigated here.
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Chromatin is a dynamic supramolecular protein-DNA complex that compacts the genome 

and regulates DNA accessibility in eukaryotic cells. The building block of chromatin is the 

nucleosome, which is made up of ~147 base pairs (bp) of DNA double helix wrapped ~1.7 

times around a histone octamer complex containing two copies each of highly conserved 

H2A, H2B, H3, and H4 histone proteins.1 Each histone contains an intrinsically disordered 

N-terminal tail domain that extends out of the nucleosome1 and retains considerable 

flexibility even in highly condensed mononucleosomes2,3 and nucleosome arrays.4 This 

conformational plasticity of the histone tails appears to play an important role in the 

regulation of chromatin structure and recruitment of regulatory protein complexes.5–7

The histone H3 N-terminal tail, spanning ~35 amino acid (aa) residues, is the longest among 

the histone tail domains and contains numerous post-translational modification (PTM) sites.8 

For example, methylation of H3K4 and H3K36 are key transcription activating PTMs, while 

methylation of H3K9 and H3K27 are transcription silencing PTMs.9 Given that distinct 

parts of histone tails recruit specific regulatory complexes, changes in the local conformation 

and flexibility along the tails may influence their interactions with protein complexes that 

recognize histone PTMs, i.e. histone readers. Additionally, multiple studies point to the 

presence of transient interactions between the histone H3 N-terminal tails and DNA.10 These 

interactions, which likely involve both nucleosomal and linker DNA,11–14 are expected to 

compete with the interactions of H3 tails with chromatin regulators including chromatin 

remodeling complexes and transcription coactivators.15,16
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Linker DNA, the segment of DNA that connects neighboring nucleosomes, significantly 

impacts chromatin structure since a change in length of 5 bp changes the orientation of 

adjacent nucleosomes by 180 degrees.17 Linker DNA length also appears to affect the 

phase separation properties of chromatin.18 The length of linker DNA is regulated and 

varies between ~10–90 bp for different cell types and organisms.19,20 Shorter linker lengths 

(~40 bp or less) are generally found in simpler eukaryotes and associated with active 

transcription and longer linker lengths (~50 bp or more) are typically associated with mature 

transcriptionally-inactive cells,21 probably in part due to the binding of linker histone H1 

for longer linker DNA lengths.22 In addition, although the length of linker DNA does not 

extensively vary in a given cell type,17 it is quantized23 in different cell types and has a 

profound effect on chromatin compaction extent and pattern. This results in nucleosome 

spacings of 10n+5 (n is an integer), which is predominant in several cell types,24–28 being 

less compactable29 and associated with active transcription30 compared to linker lengths of 

10n. While histone H3 tails and linker DNA both affect chromatin structure and function 

and appear to interact with one another, it is unclear whether the length of the linker DNA 

modulates this interaction or has an impact on the conformational flexibility of H3 tail 

domains in chromatin.

In terms of atomic level understanding of histone H3 tail dynamics and interactions in 

nucleosomes, Stützer et al.12 have carried out an elegant comparative study based on 

measurements of solution state nuclear magnetic resonance (NMR) backbone amide 1H 

and 15N chemical shift perturbations and 15N longitudinal (R1) and transverse (R2) spin 

relaxation rates for a free histone H3 peptide (H3 residues 1–44), H3 in nucleosomes 

reconstituted with 187 base pairs (bp) of double-stranded DNA containing the 147 

bp Widom 601 nucleosome positioning sequence31 flanked by 20 bp of linker DNA 

on each side, as well as H3 in the 187 bp DNA nucleosomes above also containing 

bound linker histone H1. The 15N relaxation measurements, which were used to infer 

site-specific rotational correlation times (τc) for histone H3 tail residues in the different 

contexts, revealed an approximately 4-fold reduction in tail dynamics within 187 bp 

DNA nucleosomes relative to the free peptide, and a further reduction in dynamics 

within nucleosomes complexed with H1, stemming from transient interactions of the H3 

tail residues with linker DNA (but not with the linker histone H1).12 This study also 

demonstrated that charge-modulating PTMs weaken the H3 tail-linker DNA interactions 

and increase H3 tail dynamics. In a complementary study, which included solution NMR 

measurements of 1H and 15N chemical shifts (but not 15N spin relaxation rates), Morrison 

et al.14 investigated the histone H3 tail conformation and interactions in “minimal” 

nucleosomes reconstituted with 147 bp Widom 601 DNA containing no linker DNA. They 

concluded that the H3 tails engage in considerable interactions with nucleosomal DNA even 

in the absence of linker DNA.

In order to explore how the above findings reporting on the conformational dynamics 

and interactions of histone H3 tails in nucleosomes translate to larger assemblies of 

nucleosomes, we carried out magic-angle spinning (MAS) NMR measurements of residue-

specific resonance intensities and backbone amide 15N spin relaxation rates in concentrated 

recombinant nucleosome arrays, reconstituted with 13C,15N-labeled H3 and a DNA template 

containing 16 repeats of the Widom 601 nucleosome positioning sequence, which allows 
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for the nucleosome spacing to be precisely controlled. Furthermore, to investigate any 

dependence of histone H3 conformational dynamics and interactions on the linker DNA 

length, measurements were performed on arrays containing 15, 30 or 60 bp DNA linkers 

between successive nucleosome units. Rotational correlation times for the H3 tail residues in 

the 16-mer nucleosome arrays, determined from the 15N R1 and R2 values, were compared 

with those obtained in analogous fashion for 147 bp DNA nucleosomes as part of the present 

study as well as those reported by Stützer et al.12 for 187 bp DNA nucleosomes containing 

two 20 bp linker DNA overhangs.

The 16-mer nucleosome arrays with 15, 30 or 60 bp linker DNA and the control 147 bp 

DNA nucleosome sample were reconstituted with 13C,15N-labeled histone H3 as described 

in the Experimental Section (Figure 1A,B, Supporting Information (SI) Figures S1 and S2). 

The nucleosome array purity and level of saturation with histone octamer were assessed by 

using composite gel electrophoresis, AvaI restriction enzyme digestion, and atomic force 

microscopy (AFM) (Figure 1C, SI Figure S2). Altogether, these assays indicate that the 

nucleosome array samples used for the NMR measurements are highly homogeneous and 

effectively saturated (>95%) with histone octamer, in line with earlier studies.4 The increase 

in the array length and separation between adjacent nucleosomes as a function of increasing 

linker DNA length is also clearly visible in the AFM images of the nucleosome arrays 

(Figure 1C).

Figure 1E shows INEPT-based 2D 15N-1H heteronuclear single quantum coherence (HSQC) 

MAS NMR spectra of histone H3 in the 16-mer nucleosome arrays with 15, 30 and 60 

bp linker DNA length. These spectra each contain ~30 relatively well-resolved resonances, 

corresponding to the N-terminal H3 tail residues,2–4 and are nearly identical to one another 

in terms of the chemical shifts and relative resonance intensities irrespective of the linker 

DNA length. The latter finding suggests that the local environment of the histone H3 tail and 

its interactions with linker DNA are not significantly influenced by the precise linker DNA 

length within the 15–60 bp range investigated here.

To establish the sequential assignments of 15N-1H resonances for H3 tail residues in the 

nucleosome arrays, we recorded 3D HNCA and HN(CO)CA33 spectra under MAS for 

the 15 bp linker DNA array sample (Figure 1D). These spectra enabled unambiguous 

assignments to be obtained for 21 out of 30 non-proline residues in the H3 tail (aa 5–15, 

20–25 and 31–34) detectable in the 15N-1H HSQC spectrum. The remaining non-proline 

H3 tail residues (aa 3–4, 17–19, 26–29), associated with particularly weak cross-peak 

intensities in the 15N-1H spectrum (Figure 2A) and not detected in the 3D HNCA and 

HN(CO)CA datasets for the nucleosome arrays, could be readily assigned by comparing the 
15N-1H HSQC MAS NMR spectrum for the 15 bp linker DNA array sample to solution 

NMR 15N-1H HSQC spectra of nucleosomes reconstituted with isotope-enriched histone 

H3 reported previously in multiple independent studies2,12,14 and confirmed in the present 

study (not shown), for which the amide 1H and 15N chemical shifts of the different residues 

were generally within 0.1 and 1 ppm, respectively, of the corresponding ones in the array 

sample. In analogy to the 15N-1H spectra of histone H3 in nucleosome arrays recorded 

under MAS, the 15N-1H solution NMR spectra of H3 in nucleosomes contain exclusively 

correlations for the highly dynamically disordered tail residues (aa 3–34 and 3–36 for arrays 
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and nucleosomes, respectively), with the two N-terminal residues not observed in neither 

arrays nor nucleosomes likely due to amide proton exchange.2,12,14

To obtain more detailed insights into the conformational flexibility and interactions of 

histone H3 tails in nucleosome arrays with different linker DNA lengths, we performed 

quantitative measurements of amide backbone 15N spin relaxation rate constants (SI Figure 

S3A,B) via series of 2D 15N-1H HSQC MAS NMR spectra;34,35 for reference, analogous 

measurements were carried out for histone H3 tail residues in 147 bp DNA nucleosomes in 

solution. Residue-specific rotational correlation times, τc, were calculated based on 15N R1 

and R2 values according to Kay et al.36

τc = 1
4πνN

6R2
R1

− 7 (1)

where νN is the 15N resonance frequency in Hz.

Figure 2B shows plots of τc as a function of residue number for the H3 tails in 15 bp linker 

DNA nucleosome arrays and in nucleosomes. For the arrays, τc values for 17 of 30 non-

proline H3 tail residues (aa 5–8, 10–15, 21–22, 25, and 31–34) could be determined, with 

data for the remaining residues not accessible due to resonance overlap and/or vanishing 

intensities in the 15N spin relaxation experiments, while for the nucleosomes τc values could 

be determined for all non-proline H3 tail residues detectable in the 15N-1H HSQC spectra 

(aa 3–36) except for T3. Comparison of these τc profiles reveals that all H3 tail residues in 

the nucleosome arrays consistently display higher τc values (by ~50% on average) relative to 

the corresponding residues in nucleosomes, indicative of a reduction in H3 tail dynamics in 

the arrays compared to nucleosomes. For the 15 bp linker DNA arrays, the average τc was 

found to be 12.0 ± 2.3 ns, with τc values for individual residues ranging from 8.6 to 15.5 

ns, and for the nucleosomes the average τc was 8.3 ± 1.7 ns with τc values for individual 

residues ranging from 4.6 to 11.6 ns. Measurements of the 15N spin relaxation rates for the 

30 bp and 60 bp linker DNA nucleosome array samples yielded τc profiles (SI Figure S3C) 

that, within experimental error, were overall effectively indistinguishable from that obtained 

for the 15 bp linker DNA arrays (average τc values of 11.0 ± 2.0 ns and 12.5 ± 2.8 ns for the 

30 bp and 60 bp linker DNA arrays, respectively). These results are in line with the nearly 

identical 15N-1H correlation spectra obtained for all three 16-mer nucleosome array samples 

irrespective of the linker DNA length (Figure 1E). Note that the conformational dynamics 

of the H3 tails in nucleosomes and nucleosome arrays, which occur on the time scale of 

~10 ns, exceed by more than an order of magnitude the overall rotational tumbling time of 

the nucleosome core particle (τrot ~ 150 ns)37–39 indicating that the observed differences in 

the τc profiles are not due to any differences in the global reorientation of nucleosomes vs. 

nucleosome arrays but rather reflect changes in the local dynamics of the H3 tail residues as 

a function of the chromatin environment.

The observed ~50% reduction in the H3 tail dynamics for the nucleosome arrays vs. 147 bp 

nucleosomes devoid of linker DNA points to enhanced transient interactions between the H3 

tail residues and DNA due to the presence of the 15–60 bp linkers. As expected, and in line 

with earlier studies,12,14 the interactions of H3 tails with both nucleosomal and linker DNA 
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are largely electrostatic in nature, evidenced by the fact that segments containing positively 

charged arginine and lysine residues generally show larger τc values indicative of relatively 

restricted motions while neutral segments such as the TGG motifs (aa 11–13 and 31–34) 

are associated with smaller τc values and hence more dynamic. In addition, the TGG motifs 

are likely to have higher inherent flexibility than the arginine/lysine rich regions, which we 

anticipate will also contribute to differences in flexibility along the H3 tail. Furthermore, 

the finding that no significant systematic differences are observed between the H3 tail τc 

profiles for nucleosome arrays with 15, 30 and 60 bp DNA linkers suggests that for the 

array samples the H3 tail domain interactions with additional DNA are confined to the DNA 

linker regions nearest to the nucleosome, involve ~15 bp or fewer, and are independent 

of nucleosome-nucleosome orientation. Since 15 bp corresponds to about 5 nm in length, 

these results are consistent with the H3 tail contour length of about 6 nm.32 In this context, 

it is also instructive to compare the H3 tail τc profiles obtained in the present study for 

the nucleosome arrays and “minimal” 147 bp DNA nucleosomes with the data reported by 

Stützer et al.12 for 187 bp DNA nucleosomes containing two 20 bp linker DNA overhangs. 

Specifically, inspection of the H3 tail τc profile presented for 187 bp DNA nucleosomes in 

Figure 2 of Stützer et al.12 reveals that, in terms of relative τc values for different residues 

along the H3 tail, it overall mirrors those presented here for the nucleosome arrays and 147 

bp DNA mononucleosomes. Remarkably, the τc values for individual H3 tail residues in 187 

bp DNA nucleosomes range from ~6 to ~13 ns with the average τc estimated to be in the 

~10–11 ns regime. These τc values exceed those determined in this study for the 147 bp 

DNA nucleosomes (τc range of 4.6 to 11.6 ns and average τc of 8.3 ns) but fall below those 

determined for the nucleosome arrays (e.g., τc range of 8.6 to 15.5 ns and average τc 12.0 

ns for the 15 bp linker DNA array sample). The successive reduction in H3 tail dynamics 

observed when going from 147 bp DNA nucleosomes to 187 bp DNA nucleosomes and 

finally to nucleosome arrays reinforces the notion that this reduction in histone tail mobility 

results from transient interactions between the H3 tail residues and linker DNA. These 

interactions appear to be enhanced in nucleosome arrays relative to a single nucleosome 

containing linker DNA overhangs, and we speculate that this is due at least in part to 

reduced conformational flexibility of the DNA linkers in the chromatin environment as well 

as possible interactions with non-adjacent linker and nucleosomal DNA. The finding that H3 

tails in 187 bp DNA nucleosomes complexed with linker histone H1—which binds to and 

presumably immobilizes the linker DNA segments but does not interact directly with H3 

tails—show reduced mobility (τc range of ~12 to ~20 ns and average τc of ~15 ns)12 lends 

additional support for this idea.

In summary, the conformational dynamics of histone H3 tail domains in “minimal” 147 

bp Widom 601 DNA nucleosomes and oligonucleosome arrays containing 16 nucleosome 

repeats with intervening 15, 30 or 60 bp linker DNA segments were probed by using 

quantitative 15N NMR spin relaxation measurements. The ~35 N-terminal H3 residues are 

highly conformationally flexible overall in both nucleosomes and nucleosome arrays, in 

line with earlier studies,2–4,12,14 but the tail domain dynamics in the nucleosome arrays 

were found to be markedly attenuated compared to 147 bp DNA nucleosomes as well 

as 187 bp DNA nucleosomes containing two 20 bp linker DNA overhang regions.12 The 

reduced H3 tail mobility observed for the nucleosome arrays relative to mononucleosomes 
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stems from transient electrostatic interactions between positively charged H3 residues and 

negatively charged linker DNA segments, which appear to be enhanced within the structured 

chromatin environment and can be modulated by PTMs at key sites that activate or suppress 

transcription. Remarkably, these transient interactions between H3 tail residues and linker 

DNA are not influenced by the precise length of the linker DNA regions within the 15 to 

60 bp regime indicating that nucleosome-nucleosome orientation within chromatin does not 

influence the histone tail interactions with linker DNA.

EXPERIMENTAL SECTION

Preparation of DNA constructs.

For the nucleosome array samples, three DNA templates were prepared by ligating 16 

tandem repeats of a 147 bp variant of the Widom 601 DNA high-affinity nucleosome 

positioning sequence (NPS).31 These DNA constructs were designed to contain 15, 30, or 

60 bp of linker DNA between each nucleosome after array reconstitution (SI Figure S1A,B). 

The DNA templates were prepared using Qiagen Gigaprep kits and digested with DdeI (New 

England Biolabs). The digested DNA mixture (Figure S1C) contains a long linear double 

stranded DNA with the variable linker DNA length and seven shorter DNA fragments (653, 

535, 421, 404, 245, 230, and 161 bp), which serve as buffering DNA in the process of 

nucleosome array reconstitution and help minimize non-specific aggregation of the arrays.40

For the nucleosome samples, a pJ201 plasmid containing 32-copies of the Widom 601 DNA 

variant was transformed in E. coli DH5α, amplified in Luria-Bertani rich medium, extracted 

by using a Qiagen Gigaprep kit, digested with EcoRV (New England Biolabs), and purified 

by PEG precipitation as described previously.41 Briefly, 4 M NaCl and 40% PEG 6000 

were added to the EcoRV-digested plasmid in a 0.192:0.346:1 v/v/v ratio to precipitate the 

vector. The mixture was incubated on ice for 1 h, and centrifuged at 27,000 g and 4 °C for 

20 min. The supernatant containing the 147 bp Widom 601 DNA sequence was collected 

and combined with 100% ice cold ethanol in a 1:2.5 v/v ratio. The precipitated DNA was 

centrifuged at 27,000 g and 4 °C for 40 min, the supernatant decanted, and the precipitate 

air-dried for ~10 min and dissolved in 1 × TE buffer (10 mM Tris pH 7.5, 1 mM EDTA pH 

8.0).

Histone protein expression and purification.

Histones H2A, H2B, H3, and H4 (Xenopus laevis) were overexpressed in E. coli 
BL21(DE3)pLysS and purified as described previously42 using gel filtration and ion-

exchange chromatography in 7 M urea followed by dialysis against a solution of 2 mM 

β-mercaptoethanol (BME) and lyophilized. Uniformly 13C,15N-labeled H3 was prepared 

by using a minimal medium with 13C glucose (3 g/L) and 15NH4Cl (1 g/L) (Cambridge 

Isotope Laboratories) as the sole carbon and nitrogen sources, respectively. Histone octamer 

containing 13C,15N-H3 was prepared by dissolving the four unfolded histone proteins (H2A, 

H2B, 13C,15N-labeled H3, and H4) at concentrations of ≤ 10 mg/ml in unfolding buffer (7 M 

guanidine hydrochloride, 20 mM Tris, 10 mM dithiothreitol, pH 7.5) in a H2A:H2B:H3:H4 

molar ratio of 1.2:1.2:1:1, refolded by double dialysis against refolding buffer (1 × TE, 

2 M NaCl, 5 mM BME, pH 8.0). After dialysis, the solution was removed from the 
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dialysis bag, concentrated to < 5 mL by Amicon ultracentrifugal filters (30 kDa cutoff, 

MilliporeSigma) and purified by gel filtration chromatography in refolding Buffer (without 

BME) as described previously.42

Reconstitution of nucleosome arrays and nucleosomes.

Nucleosome array reconstitution was performed as follows. An aqueous solution was made 

in 0.5 × TE (5 mM Tris pH 7.5, 0.5 mM EDTA pH 8.0), 2 M NaCl, 1 mM BZA 

(benzamidine hydrochloride hydrate, MilliporeSigma) buffer, containing the DdeI digested 

DNA mixture ([DNA] ≤ 0.5 mg/ml) and histone octamer in a molar ratio of NPS:histone 

octamer of 1:1.5. This ensures an effectively complete saturation of all the nucleosome 

positioning sites, with excess histone octamer binding to the buffering DNA and avoiding 

precipitation. The nucleosomes were reconstituted as follows. DNA and histone octamer 

were combined in a molar ratio of DNA:histone octamer of 1:0.65, in an aqueous 0.5 × TE, 

2 M NaCl and 1 mM BZA buffer. The NaCl was removed by double dialysis at 4 °C against 

0.5 × TE, 1 mM BZA buffer.

Both nucleosome array and nucleosome samples were concentrated ~30-fold using 

Amicon ultracentrifugal filters (100 kDa and 30 kDa cut-off for arrays and nucleosomes, 

respectively). To separate pure nucleosomes and nucleosome arrays from free DNA and 

buffering DNA, the purification was followed by sucrose gradient centrifugation using 

sucrose gradients of 5–40% (for arrays) or 5–30% (for nucleosomes) in 0.5 × TE buffer. The 

fractions containing pure 16-mer nucleosome arrays or nucleosomes were combined and the 

sucrose was removed by exchanging into 0.5 × TE buffer using Amicon ultracentrifugal 

filters.

Electrophoretic mobility shift and atomic force microscopy assays.

The formation and purity of nucleosomes were confirmed by 5% native polyacrylamide 

gel electrophoresis (SI Figure S2A). The formation, purity, and level of saturation of the 

16-mer nucleosome arrays with histone octamer were confirmed by using composite gel 

electrophoresis (1% agarose-2% polyacrylamide, 0.2 × TB running buffer: 18 mM Tris-

borate) for as-prepared arrays and 5% polyacrylamide gel electrophoresis for AvaI-digested 

arrays (SI Figure S2B,C). This resulted in a single clear mononucleosome band which shows 

that the nucleosomes in the arrays contain full histone octamers and are well-positioned. The 

sucrose gradient-purified arrays were further analyzed by atomic force microscopy (AFM) 

as follows (SI Figure S2D). Freshly cleaved mica was rinsed with 2 × 200 μl of ultrapure 

water, followed by treatment with 50 μl of 10 ng/μl aqueous solution of poly-D-lysine (PL; 

MilliporeSigma) and an additional 2 × 200 μl ultrapure water rinse to remove any unbound 

PL, and finally, air-dried. The PL-treated mica was incubated for 5 min with 50 μl of a dilute 

(~0.2 nM) solution of nucleosome arrays in 0.1 × TE buffer, rinsed with 200 μl of ultrapure 

water and air-dried. The samples were imaged by a Bruker AXS Dimension Icon Atomic 

Force Microscope at a scan rate of 1 Hz.

NMR spectroscopy.

The 16-mer nucleosome array samples in 0.5 × TE buffer reconstituted with 13C,15N-labeled 

H3 were pelleted by ultracentrifugation for 16–24 h at 4 °C and ~400,000 g using a 
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Beckman-Coulter TLA-100.3 rotor. The pellets were transferred to a Bruker Kel-F insert 

(~15 μl sample volume) and sealed using a plug and sealing screw to prevent sample 

dehydration during experiments. The insert was inserted into a Bruker 4 mm zirconia 

MAS rotor and capped with a Kel-F drive cap. The final NMR samples contained ~2–3 

mg of nucleosome arrays with total protein:DNA ratios of ~1:1 (w/w) for each sample, 

corresponding to chromatin concentrations in the ~200 mg/ml regime. NMR spectra were 

recorded using a 800 MHz Bruker Avance III HD spectrometer equipped with a 4 mm 

high-resolution magic-angle spinning (HR-MAS) probe, and processed and analyzed using 

NMRPipe43, Sparky44 and nmrglue.45 The MAS rate and sample temperature during the 

experiments were actively controlled at 10 kHz and ca. 35 °C, respectively. Sequential 

assignments of the H3 tail residues were established by using conventional 3D HNCA 

and HN(CO)CA experiments,33 with chemical shift evolution periods of ca. 80, 10 and 5 

ms in the 1H, 15N and 13C dimensions, respectively. 15N longitudinal relaxation, R1, and 

longitudinal relaxation in the rotating frame, R1ρ, rate constants were determined from series 

of 2D 15N-1H correlation spectra34,35 recorded with chemical shift evolution periods of 

ca. 80 and 60 ms in the 1H and 15N dimensions, respectively, and R1 and R1ρ relaxation 

delays of 40, 160, 320, 480, 640 and 960 ms and 0, 10, 20, 40, 60 and 80 ms, respectively. 

For the R1ρ experiments, the 15N spin-lock field strength was 2 kHz. Residue-specific 
15N R2 relaxation rate constants were calculated using the corresponding R1 and R1ρ 
values according to: R2 = R1ρ/sin2θ − R1/tan2θ, where θ = tan−1(ω1/Ω), ω1 is the 15N 

spin-lock field strength and Ω is the resonance offset. Note that perdeuteration followed 

by back-exchange of amide protons was not required in the context of 15N spin relaxation 

measurements in the present study given the significant conformational flexibility of histone 

H3 tails.

Solution NMR experiments on nucleosomes reconstituted with 13C,15N-labeled H3, 

analogous to the MAS NMR experiments described above for the nucleosome arrays, were 

recorded using a 850 MHz Bruker Avance III HD spectrometer equipped with a TCI 

CryoProbe. The NMR sample consisted of nucleosomes at a concentration of ~35 μM in 0.5 

× TE buffer (200 μl sample volume) in a 3 mm tube.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Partial amino acid sequence of Xenopus laevis histone H3. Relatively unstructured 

residues based on the nucleosome core particle crystal structure are bold. Conformationally 

flexible residues detected in MAS NMR spectra of 16-mer nucleosome arrays in this study 

are underlined. (B) Schematic representation of the 16-mer nucleosome arrays with variable 

length (15, 30 or 60 bp) DNA linkers between nucleosome units. Also shown is the crystal 

structure of the nucleosome core particle (PDB entry 1KX5)32 with DNA and histone H3 

colored blue and green, respectively, and histones H2A, H2B and H4 colored grey. (C) 

Representative AFM images of the 16-mer nucleosome arrays containing 15, 30 and 60 bp 

DNA linkers as indicated, showing the increase in internucleosome separation as a function 

of increasing linker DNA length. All images are shown on the same scale with the scale bar 

indicated in the leftmost panel. (D) Representative strips from 3D HNCA (blue contours) 

and HN(CO)CA (red contours) spectra of 16-mer nucleosome arrays with 15 bp DNA 

linkers reconstituted with 13C,15N-enriched histone H3, showing sequential connectivity for 

residues S10-K14. (E) 15N–1H HSQC spectra of 16-mer nucleosome arrays with 15 bp 

(blue), 30 bp (green), and 60 bp (magenta) DNA linkers, with the resonance assignments 

indicated. All spectra were recorded at 800 MHz 1H frequency, 10 kHz MAS rate, and 

sample temperature of ~35 °C.
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Figure 2. 
(A) Relative resonance intensities in the 15N–1H HSQC MAS NMR spectrum of histone 

H3 in 16-mer nucleosome arrays with 15 bp linker DNA (c.f., Figure 1E) as a function 

of residue number. The residue-specific resonance intensities are scaled according to the 

intensity for G12, and the intensities for residues K9, G13, K18, L20, K23 and G34 have 

been omitted due to spectral overlap which precluded the accurate extraction of resonance 

intensities. Nucleosome arrays with 30 and 60 bp linker DNA were found to exhibit nearly 

identical relative resonance intensity profiles (not shown). (B) Rotational correlation times, 

τc, for histone H3 tail residues in nucleosomes (red) and 16-mer nucleosome arrays with 

15 bp linker DNA (blue) determined based on quantitative measurements of amide 15N 

R1 and R2 spin relaxation rates (SI Figure S3A,B). The τc vs. residue number profiles for 

nucleosome arrays with 30 and 60 bp linker DNA were found to be generally similar to the 

corresponding profile for the 15 bp linker DNA arrays (SI Figure S3C).
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