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Abstract

Chromatin is a DNA-protein polymer that represents the functional form of the genome. The 

main building block of chromatin is the nucleosome, a structure that contains 147 base pairs of 

DNA and two copies each of the histone proteins H2A, H2B, H3 and H4. Previous work has 

shown that magic angle spinning (MAS) NMR spectroscopy can capture the nucleosome at high 

resolution although studies have been challenging due to low sensitivity, the presence of dynamic 

and rigid components, and the complex interaction networks of nucleosomes within the chromatin 

polymer. Here, we use dynamic nuclear polarization (DNP) to enhance the sensitivity of MAS 

NMR experiments of nucleosome arrays at 100 K and show that well-resolved 13C-13C MAS 

NMR correlations can be obtained much more efficiently. We evaluate the effect of temperature 

on the chemical shifts and linewidths in the spectra and demonstrate that changes are relatively 

minimal and clustered in regions of histone-DNA or histone-histone contacts. We also compare 

samples prepared with and without DNA and show that the low temperature 13C-13C correlations 

exhibit sufficient resolution to detect chemical shift changes and line broadening for residues 

that form the DNA-histone interface. On the other hand, we show that the measurement of 

DNP-enhanced 15N-13C histone-histone interactions within the nucleosome core is complicated by 

the natural 13C abundance network in the sample. Nevertheless, the enhanced sensitivity afforded 

by DNP can be used to detect long-range correlations between histone residues and DNA. Overall, 

our experiments demonstrate that DNP-enhanced MAS NMR spectroscopy of chromatin samples 

yields spectra with high resolution and sensitivity and can be used to capture functionally relevant 

protein-DNA interactions that have implications for gene regulation and genome organization.
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1. Introduction

Chromatin is a complex biological polymer that packages DNA and regulates access to the 

genetic information stored in eukaryotic cells. The fundamental building block of chromatin 

is the nucleosome, a structure that comprises 147 bp of DNA wrapped around an octamer 

core of the histone proteins H2A, H2B, H3 and H4 [1, 2]. Each nucleosome core contains 

one H3-H4 tetramer and two H2A-H2B dimers, with regular contacts to the wrapped DNA 

mediated by positively charged residues [2, 3]. Inside the nucleosome core, each histone 

adopts a relatively rigid helix-turn-helix motif while the dynamic and unstructured N- and 

C-terminal histone tails extend away from the core where they are subjected to numerous 

post-translational modifications (PTMs) [4, 5].

The presence of both rigid and dynamic components and the importance of chromatin 

interactions on many different length and timescales have presented a challenge for 

structural biologists. While there are numerous cryo-electron microscopy (cryo-EM) and 

X-ray crystallography structures of nucleosomes in complex with different chromatin 

interacting proteins, these structural models often lack electron density for the dynamic 

components of the assembly [6–8]. Solution NMR spectroscopy can be used to investigate 

the dynamic histone tails and the interactions of single nucleosomes with other proteins, 

however, it has been difficult to extend these studies to chromatin polymers [9–12]. 

While magic angle spinning (MAS) NMR spectroscopy can capture both the dynamic and 

rigid components in the chromatin polymer context, resonance assignments and structural 

constraints have typically required large amounts of sample and long acquisition times [13–

18]. The sample requirement can be particularly limiting in this case as the assembly of 

homogeneous chromatin polymers requires the recombinant production of two DNA pieces 

and four histone proteins in both isotopically labeled and natural abundance variations. The 

structural and mechanistic studies of histone PTMs can further exacerbate this problem as 

the preparation of such samples is often laborious and inefficient, especially if isotopic 

labeling is required.[13, 19]
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To address these limitations, here we turn to dynamic nuclear polarization (DNP) and take 

advantage of its unprecedented ability to increase the sensitivity of MAS NMR experiments 

of complex biological samples [20–27]. In a DNP-enhanced MAS NMR experiment, 

polarization is transferred from unpaired electron spins to nuclei, resulting in significant 

gains in nuclear polarization [28–30]. The source of unpaired electron spins is usually a 

small stable nitroxide-based biradical such as AMUPol that is mixed into the sample [31]. 

MAS DNP NMR experiments are then performed at 100 K where the sample is irradiated 

with high-power, high-frequency microwaves that excite the electron spin transitions and 

facilitate polarization transfer [32]. Typical DNP enhancements for biological systems are 

in the 10 – 150 range, which can reduce data acquisition times from weeks to days 

and enable the structural investigation of μg amounts of material [23, 25, 33]. Therefore, 

DNP-enhanced MAS NMR spectroscopy can potentially provide tremendous benefits for 

chromatin structural studies and allow the capture of functionally important but elusive 

interactions such as those between the nucleosomes within a chromatin polymer, between 

histone tails and chromatin effector proteins, or among remodelers, transcription factors and 

nucleosomal DNA.

While DNP can offer much needed sensitivity to characterize precious amounts of biological 

material, the low temperatures required for efficient polarization transfer often lead to 

severe line broadening [34, 35]. Potential sources of line broadening at low temperatures 

include sample heterogeneity, the presence of dynamic and unstructured regions in the 

protein of interest, the rearrangement of crystallographic water molecules, the temperature 

dependent motions of specific side-chains, or paramagnetic relaxation enhancement effects 

due to close interactions with the polarization agent [36–42]. As these issues can hamper 

the analysis and interpretation of data, it is important to understand the effects of low 

temperatures on chromatin samples and to evaluate the information content of DNP-

enhanced MAS NMR chromatin spectra. In particular, we wondered whether there are 

structural differences between nucleosomes studied at 295 K and 100 K, whether the 

resolution of the low temperature spectra would allow the detection of meaningful structural 

interactions within the nucleosome, and whether tailored labeling schemes and DNP 

would enable the investigation of functionally relevant protein-protein and protein-DNA 

long-distance contacts. Our results show that nucleosome arrays compacted in the presence 

of Mg2+ display high resolution 13C-13C spectra at low temperatures and that histone-DNA 

contacts within the nucleosome can be identified through chemical shift perturbation and 

linewidth analysis. Long-range histone-DNA contacts can be captured through 15N-13C 

experiments such as TEDOR, while the measurement of specific protein-protein interactions 

is complicated by the multicomponent nature of the array polymer and the presence of a 

large natural abundance 13C network.

2. Experimental details

2.1. Materials

All reagents and solvents were purchased from Sigma Aldrich or Fisher Scientific. 

Isotopically enriched reagents were purchased from Cambridge Isotope Laboratories. 

Dialysis kits and protein concentrators were obtained from Thermo Fisher Scientific and 
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Sartorius, respectively. For size-exclusion chromatography, a Superdex 200 10/300 column 

was used with an ÄKTA pure protein purification system (GE Healthcare Life Sciences/

Cytiva). For ion-exchange, we used a 5 mL HiTrap SP HP column on the ÄKTA pure 

protein purification system (GE Healthcare Life Sciences/Cytiva). Reverse-phase high 

performance liquid chromatography (RP HPLC) was performed on a 2545 Binary Gradient 

Module Waters system equipped with a 2484 UV/vis detector. For prep scale RP-HPLC 

purification, we relied on a Waters XBridge BEH C18 19 mm × 250 mm, 10 μm particle 

size column, while analytical measurements were performed using a Symmetry300 C18 

4.6 mm × 150 mm, 5 μm particle size column. HPLC solvent A contained 100% H2O + 

0.1% trifluoroacetic acid (TFA), while solvent B contained 100% acetonitrile + 0.1 % TFA. 

Mass spectrometry analysis was conducted on an Agilent 6230 Accurate-Mass TOF-MS. 

Gel images were acquired using a camera and light box from Fotodyne Incorporated. 

Protein absorbances were measured using a Nanodrop One Spectrophotometer by Thermo 

Scientific.

2.2. Histones and DNA expression and purification

Histones H4, H2A, H3 and H2B were expressed and purified according to ref. [43]. Briefly, 

histone plasmids were expressed in BL21(DE3)-Rosetta cells in either Luria Bertani media 

(natural abundance histones) or M9 media supplemented with 15N ammonium chloride 

(15N-labeled H3), 13C6-glucose (13C-labeled H4) or both (15N,13C-labeled H4). The cells 

were grown at 37 °C with shaking until OD600 = 0.6 and induced with 0.5 mM IPTG. 

Cells were collected 3 hours later by centrifugation at 5,000 xg for 20 minutes. The cells 

pellet was lysed, and the inclusion body was washed with lysis buffer (20 mM Tris pH = 

7.6 at 4 °C, 200 mM NaCl, 1 mM EDTA, 1 mM 2-mercaptoethanol) containing 0.1% v/v 

of Triton-X. The inclusion body pellet was then resuspended in suspension buffer (6 M 

guanidine, 20 mM Tris, 1 mM EDTA, 100 mM NaCl, pH 7.5 at 4 °C), incubated at 4 °C 

for 120 minutes, and centrifuged for 30 min at 27,000 xg. The supernatant was dialyzed 

against buffer containing 7 M urea, 10 mM Tris, 1 mM EDTA, 100 mM NaCl, 1 mM DTT, 

pH 7.5 at 4°C, and then purified by cation exchange chromatography. Pure fractions were 

collected and loaded onto a Waters Xbridge BEH C18 prep-size column and fractions were 

collected using 30%–70% solvent B gradient. SDS-PAGE, analytical RP-HPLC and mass 

spectrometry were used to assess protein purity (Fig S1).

12×601 DNA (12 repeats of the 601 DNA sequence separated by 30 bp linkers, ref. [44]) 

was prepared according to ref. [43, 45]. Briefly, the DNA plasmid encoding the 12×601 

DNA construct was transformed into DH5α cells and cells were grown in Terrific Broth 
media for 18 hr at 37 °C. Large scale plasmid purification was performed by first suspending 

the bacterial cells in alkaline lysis buffer I (50 mM glucose, 25 mM Tris-HCl, 10 mM 

EDTA, pH 8.0). Later, the sample was mixed quickly in alkaline lysis buffer II (0.2 M 

NaOH, 1% sodium dodecyl sulfate), and the cellular debris was precipitated using alkaline 

lysis buffer III (4 M potassium acetate, 2 N acetic acid). The plasmid DNA was precipitated 

using isopropanol precipitation at 25 °C. The DNA pellet was then suspended in TE buffer 

(10 mM Tris-HCl, 50 mM EDTA, pH 8.0), containing 20 mg/mL RNase A, and incubated 

at 37 °C for 24 hours. To remove proteins from nucleic acids, phenol chloroform extraction 

was performed three times. To remove the digested RNA, the plasmids were precipitated 
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by PEG precipitation (10% (w/v) PEG 6000, 0.5 M NaCl). The DNA plasmids were then 

digested with the Eco-RV restriction enzyme (New England Biosciences), the undesired 

small fragments were removed by another PEG purification, and the pure 12×601 DNA 

fragment was precipitated from solution by ethanol extraction. The DNA pellets were 

re-dissolved in TE buffer (10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0), and stored at −20 °C.

2.3. Histone octamers and nucleosome arrays assembly

Histone octamers and nucleosome arrays were assembled according to ref. [43]. Briefly, 

lyophilized histones were dissolved separately in buffer containing 6 M guanidinium HCl, 

20 mM Tris, 5 mM dithiothreitol, pH 7.6 at 4 °C. The concentration of each solution was 

determined and the histones were combined in a 1.1:1.1:1.0:1.0 ratio of H2A:H2B:H3:H4. 

The mixture was dialyzed against buffer containing 2 M NaCl, 10 mM Tris, 1 mM EDTA, 

1 mM dithiothreitol, pH 7.6 at 4 °C. The refolded histone octamers were purified by size 

exclusion chromatography, and stored in 50% glycerol at −20 °C. The octamer purity was 

assessed by 18% SDS-PAGE gel electrophoresis. Nucleosome arrays were reconstituted by 

combining 12-mer DNA and histone octamers in a 1.6:1 ratio in 2M TEK buffer (2 M KCl, 

10 mM Tris pH 7.5 at 4 °C, 0.1 mM EDTA, 1 mM dithiothreitol). 0.3 eq of the 155 bp 

MMTV DNA was added to the mixture to bind excess octamers. This was followed by salt 

gradient dialysis against 10 mM TEK buffer (10 mM KCl, 10 mM Tris pH 7.5 at 4 °C, 0.1 

mM EDTA, 1 mM DTT), for ~24 hr at 4 °C. The assembly and purity of nucleosome arrays 

was visualized using APAGE (2% acrylamide, 1% Biorad agarose) gel electrophoresis (Fig. 

S2).

2.4. Sample preparation for conventional NMR and DNP-enhanced NMR spectroscopy

For MAS NMR experiments at 275 K, purified nucleosome arrays (2.5 μM, ~20 ml) were 

concentrated to a final volume of 5 mL using 10,000 molecular weight cutoff concentrators. 

To precipitate the arrays, 6 mM MgCl and 0.01% NaN3 were added to the solution. The 

arrays were incubated on ice for 10 min and centrifuged at 5000 xg for 1–2 hr at 4 °C using 

a swinging bucket centrifuge. The sample was then scooped into a thin-wall 3.2 mm rotor 

and centrifuged gently to distribute equally inside the rotor. The final amount of sample 

packed into the NMR rotor was determined by measuring the A260 absorbance of DNA of 

the leftover supernatant and subtracting it from the A260 absorbance before centrifugation. 

The reported temperature reflects the temperature of the cooling gas, while we estimate that 

the sample temperature is 10 – 15 °C higher.

To perform DNP experiments at 100 K, the sample needs to be cryoprotected with a glassy 

matrix before freezing. We cryo-protected the nucleosome arrays with “DNP juice” which 

consists of glycerol, D2O and H2O in a 60/30/10 w/v ratio. We used glycerol-d8 (D8, 99%), 

or when available, 13C-depleted deuterated glycerol (12C3, 99.95%; D8, 98%). The solution 

also contained 10 mM AMUPol (Cortecnet). To prepare sample A, we prepared nucleosome 

arrays (2.5 μM, 3 mL), concentrated the sample to a final volume of 1 mL, and precipitated 

the arrays using 6 mM MgCl. The precipitated pellet was impregnated with DNP juice 

and scooped into 1.9 mm zirconia MAS rotor (Fig. 1a). The rotor was closed with a top 

and bottom silicone plug and an SP1 drive cap. Sample B was prepared by concentrating 

nucleosome arrays (2.5 μM, ~3 mL) into DNP juice to a final volume of 15 μL. 10 μL of 
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the sample were then pipetted into the rotor (Fig. 1b). Octamer samples were prepared by 

concentrating 13C, 15N-labled H4 histone octamers in a solution that contained 60% w/v 12C 

glycerol-d8, 40% D2O, 10% H2O, 800 mM NaCl, 4 mM Tris, and 10 mM AMUPol. The 

high salt concentration is necessary to prevent octamer dissociation into H2A/H2B dimers 

and H3-H4 tetramers in the absence of DNA.

2.5. Solid-state NMR spectroscopy

Solid-state NMR experiments at ambient temperatures were conducted on a 750 MHz NMR 

spectrometer, equipped with an AVANCE II Bruker console and a triple resonance (1H, 
13C, 15N) 3.2 mm E-free Bruker probe. The spinning frequency was set to 11.1 kHz. 

Spectra were referenced to the 40.49 ppm 13C peak of adamantane [46]. 2D 13C-13C DARR 

experiments [47] were recorded at 275 K with the following parameters: 1024 points and 

9 ms acquisition in the direct dimension, 256 points with 3.2 ms acquisition in the indirect 

dimension, 64 scans, SPINAL64 decoupling, 20 ms mixing, and an interscan delay of 4 s. 
1H and 13C and 15N pulses were set to 3 μs and 5 μs, respectively.

2.6. DNP NMR spectroscopy

DNP experiments were performed on a 600 MHz Bruker DNP NMR spectrometer equipped 

with a NEO console and a 395 GHz gyrotron for high-power microwave irradiation. All 

spectra were recorded using a triple resonance (1H, 13C, 15N) 1.9 mm low temperature MAS 

probe. The MAS frequency was set to 12 kHz and spectra were referenced to the 40.49 

ppm 13C peak of adamantane at room temperature or to the silicon plug signal the 3.2 

ppm at 100 K. The DNP enhancement was measured by recording spectra with and without 

microwave irradiation at 5 W. 2D 13C-13C DARR experiments were recorded at 100 K with 

the following parameters: 1536 points and 16 ms acquisition in the direct dimension, 640 

points with 8 ms acquisition in the indirect dimension, interscan delay of 4 s, 10 ms mixing, 

16 scans for the nucleosome arrays sample, or 32 scans for the octamer sample. 1D TEDOR 

experiments were recorded with 4096 scans with the following parameters: 1024 points, 10 

ms acquisition, interscan delay of 4 s, and 1.3, 5.3, 10.6, 16 or 20 ms TEDOR mixing [48]. 

A 2D TEDOR experiment was recorded with 5.3 ms mixing, 32 scans, 1024 points and 10 

ms acquisition in the direct dimension, and 128 points with 5 ms acquisition in the indirect 

dimension. 1H, 13C and 15N pulses were set to 2.5 μs, 3 μs and 6.25 μs, respectively.

2.7. EPR spectroscopy

EPR experiments to measure the concentration of radical in the rotor were performed on 

a 9.3 GHz Bruker EMXplus X-band CW EPR spectrometer equipped with a standard high 

sensitivity resonator. To perform the measurements, the rotor was placed into a standard 

X-band 707-SQ-250M EPR tube (Wilmad Labglass), the EPR spectrum was measured, 

double integration was performed, and the integrated intensity was compared to a standard 

curve prepared with rotors containing known concentrations of AMUPol (Fig. S3).

2.8. Data analysis

NMR spectra were processed with TopSpin 4.0.5 and analyzed using NMRFAM-SPARKY 

and CCPNMR 3.0.2 [49, 50]. Nucleosome images were rendered using the Chimera 
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software [51]. Resonance assignments for H4 were transferred from ref. [16]. EPR analysis 

was performed using EasySpin [52].

3. Results and Discussion

3.1. Preparation and DNP enhancements of chromatin samples

Homogeneous chromatin polymer samples are typically reconstituted using a long piece of 

DNA that contains twelve repeats of the strong nucleosome positioning sequence known 

as Widom “601” DNA [44]. In our case, we used 30 base pair linkers between the 

nucleosomes, resulting in a DNA sequence of 12×177 bp repeats. Histone octamers were 

reconstituted separately at high salt by mixing the four histones in equimolar ratios. Since 

room temperature resonance assignments are available for histone H4 [16], we decided to 

focus on this component of the assembly and to characterize its interactions with DNA. We 

therefore prepared a 13C,15N-labeled version of H4, while all other histones and DNA were 

used at natural abundance (Fig. S1). After preparation, the histone octamers and DNA were 

mixed, and the salt concentration was gradually reduced so that the octamers could position 

on the DNA through electrostatic interactions. To ensure homogeneous sample preparation 

and uniform distribution of the nucleosomes in the polymer, a small amount of a short 

piece of DNA with low propensity for nucleosome formation (“buffer DNA”) was added 

to remove excess octamers. The resulting 12-mer nucleosome arrays were purified using 

Mg2+ precipitation (Fig. S2). It should be noted that labeled H4 represents only 12% of the 

final nucleosome array (by weight), thus presenting a significant sensitivity challenge for 

structural analysis with NMR.

The DNP sample preparation protocol and the rotor packing technique can be crucial in 

ensuring good DNP enhancements and optimal sensitivity [53]. In this case, we used 1.9 

mm MAS rotors with an effective volume of 10 μL which required an efficient protocol 

for packing a large amount of sample into a small volume. To determine the best strategy 

for mixing chromatin, polarization agent and “DNP juice” (glycerol, D2O and H2O in a 

60/30/10 w/v ratio), we prepared two different samples (Fig. 1a,b). In Sample A, chromatin 

polymers were precipitated with ~ 6 mM Mg2+, producing a compact gel. The gel pellet was 

impregnated with DNP juice and 10 mM AMUPol and the mixture was scooped into the 

rotor. In this case, the effective concentration of biradical inside the rotor was ~ 6 mM as 

determined by EPR spectroscopy (Fig. S3). In sample B, chromatin arrays were pre-mixed 

with 10 mM AMUPol and DNP juice, and then concentrated without Mg2+ using a standard 

centrifuge tube concentrator. In this case, the sample remained as a viscous liquid and could 

be pipetted into the rotor. This type of preparation resulted in ~ 15 mM of AMUPol inside 

the rotor (Fig. S3).

The resulting enhancements and signal-to-noise (SNR) ratios differed depending on the rotor 

packing method (Fig. 1c, d). Packing chromatin by concentration (Sample B) resulted in 

greater enhancement, as this strategy appears to concentrate more biradical into the rotor, 

and likely yields much more uniform distribution of the polarization agent around chromatin 

polymers. On the other hand, precipitation of chromatin directly into the rotor (Sample 

A) afforded the packing of larger amounts of chromatin. Overall, Sample A produced a 
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higher SNR ratio despite the lower enhancement. We, therefore, proceeded with this packing 

strategy for the nucleosome array samples described below.

3.2. Comparison of DNP-enhanced and room temperature chromatin spectra

To investigate the resolution of the DNP-enhanced low temperature chromatin spectra, we 

prepared two new nucleosome array samples containing 13C,15N-labeled H4, and proceeded 

to record 2D 13C-13C correlations with DARR mixing. One of the samples was packed into 

a 1.9 mm rotor with 10 mM AMUPol and was investigated at 100 K and in a 600 MHz 

spectrometer with DNP. This sample had a reproducible DNP enhancement of ~ 33. The 

second sample was prepared into a 3.2 mm rotor and experiments were performed at 275 K 

in a conventional 750 MHz NMR spectrometer. Despite the lower amount of sample used in 

the DNP experiments (3 mg vs 10 mg total array sample), DNP allowed us to shorten the 

acquisition time from 18 hr to 11 hr. While it is possible to obtain high sensitivity DARR 

data of chromatin with DNP in less time, here we opted to collect a large number of points 

in the indirect dimension (256 vs 640) in order to maximize the resolution of the spectrum.

The overlay of the two spectra (Fig. 2a) provides an excellent opportunity to evaluate 

the resolution and the information content of the low temperature chromatin experiments. 

While the DNP spectrum contains several broad regions, there are also many well resolved 

peaks exhibiting 13C linewidths in the range 1 – 1.6 ppm (Fig. 2b). In comparison, the room-

temperature spectrum obtained at the slightly higher magnetic field exhibited linewidths in 

the range of 0.7 – 1 ppm. The nucleosome array samples used in this study are a highly 

heterogeneous system that contains both rigid and dynamic components. The dynamic 

H4 tail (residues 1 – 24) is not visible in dipolar experiments at room temperature [16], 

and likely freezes out in different conformations at low temperature and thus remains 

undetectable. The nucleosome core, on the other hand, is relatively rigid and is expected 

to adopt a more uniform conformation at low temperature. The rigidity is further improved 

by the presence of Mg2+ ions which compact chromatin and further reduce dynamics and 

heterogeneity. Previous work has shown a correlation between the rigidity of a biological 

system and the linewidths observed in DNP-enhanced low temperature experiments [21, 

27, 34, 54]. For example, the T3SS needle MxiH protein, a highly rigid system, displays 

DNP linewidths on the order of 1 ppm at 600 MHz [54], while other systems of more 

heterogeneous nature may exhibit low temperature linewidths greater than 2 ppm [22, 23, 

37, 55].

Analysis of the DNP-enhanced DARR spectrum shows many correlations that can be 

identified based on their room temperature assignments. For example, the spectrum contains 

resolved correlations for I26, which is the first visible core residue typically identified in 

room temperature spectra. Comparison of the chemical shifts obtained at cryogenic and 

ambient temperature for 22 resolved Cα-Cβ correlations reveals that most chemical shift 

changes are within 1 ppm (Fig. 2c). The largest chemical shift changes are observed for 

I29 Cα and Cβ atoms and the I50 Cβ atom. These residues also experience chemical shift 

changes for their side-chain atoms. I29 and I50 are positioned at the top of the nucleosome 

(Fig 2d), close to the DNA entry and exit site, and make important contacts with the H3 

α-helices in the H3/H4 dimer. This region also includes S47 and P32 that show changes in 
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the 0.5 – 1.0 ppm range. Closer to the C-terminus, changes in this range are experienced by 

A76, T82, L97 and Y98, residues that make strategic contacts with H3 or DNA. It should 

be pointed out that biological systems at low temperature often exhibit 13C chemical shift 

and linewidth changes on the order of 1 ppm or larger [27, 37]. These changes are often 

more severe for residues that are in close contact with the surrounding water molecules 

[37]. This is attributed to rearrangements in the water hydrogen bond networks upon slow 

freezing that change the chemical environment surrounding the protein [37]. Modeling of 

water molecules has suggested that extensive water networks play an important role in 

DNA-histone and histone-histone interactions in the nucleosome [4]. Therefore, residues 

at these interfaces could be particularly sensitive to the environmental changes induced by 

freezing. Solid-state NMR at ambient temperature has also shown that some of the detected 

residues are part of a histone network that can sense changes in dynamics and interactions 

with DNA [18]. Despite these local detectable perturbations in chemical shifts, however, 

the overall nucleosome structure appears intact and is not dramatically rearranged by the 

freezing process required for DNP.

Protein spectra acquired near 100 K often exhibit weak methyl group correlations and 

strong peaks in the aromatic region [34, 38, 39]. At 100 K, for example, the methyl group 

three-fold symmetry rotations typically slow down to 10−3 – 10−6 s−1, rates of motion that 

can interfere with the pulse frequencies used for recoupling and decoupling under magic 

angle spinning conditions [38]. This can cause the broadening or disappearance of methyl 

group signals in cross polarization-based 1D and 2D experiments. Surprisingly, the low 

temperature DNP 13C-13C DARR nucleosome array spectrum contains strong and resolved 

methyl group correlations for many assignable methyl-bearing sidechains, including Thr, 

Ala and Ile. While most of the relevant cross-peaks fall within the average 1 – 1.6 ppm 

linewidth (Fig. 2b), there are some methyl bearing residues that experience line-broadening 

consistent with interfering motions, e.g. the Cα-Cβ correlation of A76 broadens to 2.6 ppm 

(Fig. 2b). This residue also presents a large chemical shift change upon freezing as described 

above.

Aromatic sidechains, on the other hand, experience two-fold flip motions that interfere 

with recoupling and decoupling at ambient temperature [39]. However, at the cryogenic 

temperatures used for DNP, these motions can slow down enough to produce strong 

correlations [34, 38, 56]. We observed many strong aromatic correlations in our DNP 

spectrum while the room temperature spectrum has no intensity in this region (Fig. 4S). 

We took advantage of this phenomenon and obtained low temperature assignments of the 

aromatic side-chains to complement the published H4 assignments [16] (Table S1).

Overall, the comparison between experiments performed at 100 K and 295 K suggests that 

nucleosome array samples precipitated with 6 mM Mg2+ produce resolved 13C-13C DNP 

spectra of the nucleosome core where many correlations could be assigned based on the 

295 K spectrum. Low temperature 13C chemical shift changes remain on average below 

1 ppm consistent with other samples studied by DNP and at low temperature. The most 

significant chemical shift changes are experienced by H4 residues that make key contacts 

with other histones and DNA, and are attributed to rearrangements of the nucleosome water 

networks upon freezing. The sensitivity enhancement afforded by DNP and the favorable 
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low temperature dynamics of the aromatic sidechains at 100 K have also allowed us to 

complete the assignments of aromatic correlations that are invisible in spectra acquired at 

ambient temperature.

3.3. Comparison of DNP-enhanced NMR spectra of nucleosome array and octamer 
samples

While DNP can provide much needed sensitivity to detect elusive long-range structural 

correlations in complex biological systems, in practice most studies of this nature typically 

take advantage of specifically tailored labeling schemes or correlations where the relevant 

interactions can be resolved and assigned unambiguously. Examples include the strategic 

placement of 13C and 15N isotopic labels to detect key intermolecular or intramolecular 

interactions [56, 57], the use of rare nuclei such as 19F [58], or the detection of correlations 

between proteins, ligands and components with unique chemical shifts [59–61]. While 

uniformly-13C labeled proteins are relatively straightforward to prepare, structural studies 

based on changes in the 13C-13C DNP spectra of uniformly labeled large proteins are 

challenging due to often severe peak crowding and line-broadening [27]. Since the DNP 

spectra of 13C,15N-H4 nucleosome arrays present many resolved and assigned cross-peaks, 

we wondered whether they can be used to detect meaningful structural interactions despite 

the noted complications with uniformly labeled samples. To test this possibility, we prepared 

a sample containing 13C,15N-labeled histone octamers which represent the intact protein 

core of the nucleosome but without the wrapped DNA. In this case, we expected that 

H4 residues in close contact with DNA in the full nucleosome context would experience 

changes in chemical shifts and/or line broadening. This sample was prepared for DNP 

following the concentration method, similar to Sample B, as octamers without DNA cannot 

be precipitated by Mg2+. The observed enhancement was ~ 130, with an effective AMUPol 

concentration of ~ 15 mM inside the rotor (Fig. S5).

Comparison of the spectra of samples with and without DNA revealed that the overall 

pattern of 13C-13C correlations remains very similar (Fig. 3a). This is expected since the 

absence of DNA should not change the overall structure of H4 once it is incorporated 

into the octamer fold. There is, however, an increase in the linewidth for many resolved 

cross-peaks suggesting the presence of much more heterogeneity in the octamer when DNA 

is absent (Fig. 3b). Linewidth changes are particularly prominent for residues I46 and S47 in 

loop L1 and residues L97 and Y98 at the C-terminal end of H4 (Fig. S6). As expected, there 

are also noteworthy chemical shift changes (Fig. 3c,d). This includes S47, L97 and Y98, as 

well as residues I29, P32, and T80. These positions serve as primary H4 contacts with DNA 

and are already disturbed by the freezing process. Peak doubling is observed for T30 Cα-Cβ 
and P32 Cβ-Cγ correlations, at the base of the dynamic H4 tail, implying the presence of 

heterogeneity at this site when DNA is absent.

Histone proteins contact DNA through several types of interactions (Fig. S7) [4]. The 

first possibility is the formation of a direct hydrogen bond between a backbone amide 

and the phosphate oxygen atoms on DNA as exemplified by residues I46 and T80. A 

second option includes the formation of indirect contacts between the backbone carbonyl 

atoms and the DNA phosphate oxygen atoms that are mediated through hydrogen bonds 
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with water, e.g. I46. Indirect contacts through water molecules are also possible for some 

sidechains, e.g. S47. Third, there are direct contacts between lysine and arginine sidechains 

and DNA. Unfortunately, the lysine and arginine correlations in the low temperature DARR 

experiments are not well resolved for both the octamer and nucleosome array samples. 

To gain better insight into the interactions of these sidechains, we recorded a 15N-13C 

TEDOR spectrum where these residues produce unique cross-peaks (Fig. S8). Analysis of 

the samples prepared with and without DNA reveals that the arginine Nε-Cζ and Nη1,2 - 

Cζ correlations are much less intense in the octamer case, while the lysine Nζ-Cε region 

remains strong. While both arginine and lysine sidechains can form hydrogen bonds with 

the phosphate atoms of DNA, several H4 arginine sidechains are directly inserted into the 

minor groove which severely restricts their flexibility and orientation (e.g. R45 in Fig. S7). 

Therefore, the absence of DNA would likely result in heterogeneity, line-broadening and 

the observed low intensity for these sites. It is important to note that direct sidechain-DNA 

interactions are not restricted to lysine and arginine residues. For example, in H4, T80 

can also form a direct sidechain hydrogen bond with the phosphate oxygen atom on a 

cytosine base (Fig. S7), thus substantiating the large chemical shift changes for this residue 

in the octamer sample. Overall, however, the detected changes in chemical shifts and peak 

linewidths are mostly restricted to H4 regions that are in close proximity to DNA, leaving 

the α2 and α3 helices relatively unperturbed (Fig. 3d).

These experiments demonstrate that DNP-enhanced MAS NMR correlations of chromatin 

can provide sufficient resolution to detect meaningful structural correlations even at the 

modest MAS frequencies used in this study. As the resolution can no doubt be improved 

by fast MAS at cryogenic temperatures [62], we expect that this approach can be used to 

study nucleosome interactions in more complex settings, e.g. in the presence of transcription 

factors or chromatin remodelers that often peel off the octamer from DNA in order to carry 

out their biological function [63, 64].

3.4. Observation of long-range intermolecular interactions in chromatin samples

The nucleosome polymers used in this study present a complex system that contains four 

histone proteins and DNA, with multiple interaction surfaces and points of contact. In 

the presence of Mg2+, chromatin also adopts a compact state mediated by interactions 

between the H4 tail and the DNA and/or acidic patch of neighboring nucleosomes [11, 65]. 

The characterization of these interactions by solid-state NMR methods can be challenging 

due to the complexity of the system, the presence of dynamic and ordered components 

at the same time, and the relatively large interaction distances that need to be measured. 

DNP-enhanced NMR spectroscopy could benefit such studies by providing much needed 

sensitivity and by capturing dynamic interactions at low temperatures. To evaluate these 

potential benefits for chromatin, we decided to focus on inter-histone interactions within 

individual nucleosomes using 15N-13C heteronuclear correlations. Our method of choice was 

the ZF TEDOR experiment [48], which has been used to measure 15N-13C distances in the 1 

– 5 Å range in many complex biological systems with and without DNP [56, 59, 61, 66, 67].

To understand the TEDOR transfer dynamics in chromatin systems, we performed a 

series of 1D experiments with different mixing times on three different samples. The first 
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sample was a uniformly 13C,15N-labeled H4 nucleosome array sample, similar to Sample A 

discussed above. This sample served as control and displayed the typical buildup behavior 

expected of a uniformly labeled protein (Fig. 4a). In this system, the one bond N-Cα 
and N-CO transfers peak at short mixing times while transfer to the aliphatic carbons of 

the sidechains reaches a maximum at intermediate mixing times (~ 5 ms) (Fig. 4a), and 

then rapidly declines due to transverse relaxation processes. The second sample contained 
13C-labeled H4 and 15N-labeled H3 within the same octamer, while all other histones and 

DNA remained at natural abundance. In this case, the shortest possible 15N-13C distances 

are in the 4 – 5 Å range, representing backbone H3 15N amide correlations to nearby 
13C-labeled H4 sidechains, or correlations between nitrogen-bearing sidechains on H3 

and nearby H4 13C atoms. Considering the nature of these interactions, we expected that 

TEDOR buildup will be observed only at long mixing times. Surprisingly, this system 

exhibited buildup consistent with both short-range and long-range correlations (Fig. 4b). In 

particular, maximal N-Cα and N-CO buildup is observed with a mixing time of 1.3 ms, 

followed by transfer to the sidechains at 5.6 ms, similar to the uniformly labeled sample. 

As these mixing times are too short to capture the expected long-range correlations, we 

suspected that the buildup reflects transfer to the 1% natural abundance 13C atoms on H3. 

This was confirmed by a control sample that only contained 15N-labeled H3 with natural 

abundance 13C for all histones and DNA (Fig. S9). This sample exhibited a similar TEDOR 

buildup profile (Fig. 4c).

While the short-range transfer appears to involve the dilute 13C natural abundance network, 

both mixed 15N H3/13C H4 and control 15N H3 samples also have noticeable buildup at long 

mixing times, including transfer to the unique deoxyribose natural abundance 13C atoms of 

the nucleosomal DNA. Since both samples have very similar buildup profiles, it appears that 

long-range 1D 15N-13C TEDOR transfer in chromatin systems is also dominated by the 13C 

natural abundance network and selective isotopic enrichment of specific histones does not 

offer much advantage. This can be rationalized by the number of 15N-13C contacts within 

5 Å for H3 and H4. This number is relatively small, while the natural abundance network 

that includes all H3 atoms, nearby H2A, H2B and DNA is much larger and may contribute 

significantly even if only ~ 1% of the carbon atoms are enriched. This situation is very 

different from measurements in mixed 15N/13C amyloid fibrils where the monomers adopt 

a parallel, in-register β-sheet arrangement [56, 67, 68]. In such a geometry, every backbone 
15N amide atom in one monomer is typically within 5 Å from an enriched 13C atom on 

a neighboring monomer ensuring that relevant intermolecular distances can be captured 

selectively. In principle, enriched 15N-13C contacts between H3 and H4 can be observed 

in multidimensional experiments with much higher selectivity. However, even with the 

enhancement afforded with DNP, we were not able to obtain a 2D ZF TEDOR experiment at 

long mixing times with sufficient sensitivity to detect such contacts.

4. Conclusions

Nucleosome arrays present a significant challenge for structural investigations by MAS 

NMR spectroscopy due to the presence of a large number of components, the inherent 

dynamics in the histone tails, and the complexity of the involved protein-protein interfaces 

[13]. Here, we have taken a critical look at how DNP can contribute to such investigations 
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by providing much needed sensitivity. Despite the expected line-broadening at low 

temperatures, 13C,15N-labeled H4 nucleosome array samples present well resolved 13C-13C 

spectra where many correlations can be identified from their room temperature assignments. 

This allowed us to evaluate chemical shift changes due to the freezing process and to obtain 

de novo assignments for aromatic correlations that are otherwise invisible in conventional 

MAS NMR experiments. Low temperature chemical shift changes are typically less than 

1 ppm with more significant changes observed for residues that are positioned at histone-

histone and histone-DNA interfaces. This indicates that there are potentially some slight 

differences between nucleosome structures obtained at ambient and low temperatures that 

might also be of relevance to other structural methodologies that routinely investigate 

structures at low temperatures such as X-ray crystallography and cryo-EM [4].

We took advantage of the well-resolved nucleosome array spectra to show that 13C-13C 

correlations can be used to detect meaningful structural changes upon removal of DNA. 

Such experiments may prove useful in the structural investigations of chromatin interacting 

proteins that perturb DNA, including transcription factors and chromatin remodelers. The 

situation is much more complicated if the detection of histone-histone interactions is desired. 

The complex nature of histone interactions and the significant natural abundance 13C 

network present a challenge for the measurement of intermolecular correlations through 

uniformly labeled 15N/13C mixed histone samples. There are, however, other possibilities. 

For example, 15N/13C or 15N/31P correlations can be measured between 15N-labeled 

histones and the unique deoxyribose 13C or phosphate 31P atoms of the DNA. Alternatively, 
19F-based correlations might offer the unique ability to capture interactions on a much 

longer length-scale (10 – 20 Å) [69–71] such as those between individual nucleosomes. 

When combined with DNP [58], such strategies may allow the structural investigation 

of precious amounts of post-translationally modified nucleosome array samples or the 

characterization of protein-protein interactions in multicomponent chromatin assemblies 

where the concentration of each individual component may be severely limiting. Current 

and future developments in polarization agents, polarization transfer mechanisms, low 

temperature probes and high-field microwave technologies will no doubt continue to push 

the sensitivity and resolution capabilities of DNP to help capture elusive interactions in this 

complex biological system [72–74].
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Figure 1. 
(a-b) Sample preparation and DNP MAS rotor packing methods for Sample A and Sample 

B, respectively. (c-d) Low temperature 1D 13C spectra with DNP (MW on, orange) and 

without DNP (MW off, black) for Sample A and Sample B, respectively. Each spectrum 

was acquired at ω1H = 600 MHz and 100 K with 64 scans and ωr =12 kHz. Red asterisks 

denote natural abundance glycerol peaks, black asterisks denote spinning sidebands, yellow 

asterisks denote a peak arising from the DNP rotor silicon plug, and blue asterisks denote 

natural abundance DNA signals. εDNP – representative DNP enhancement for each sample.
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Figure 2. 
(a) Overlay of DNP-enhanced and room-temperature 13C-13C DARR correlation spectra of 
13C,15N-labeled H4 nucleosome array samples. The DNP spectrum (black) was acquired 

at 100 K and ω1H = 600 MHz with 16 scans, ωr =12.5 kHz and 10 ms DARR mixing 

time. Sample contained 0.4 mg of labeled protein. The room temperature spectrum (brown) 

was acquired at 275 K and ω1H = 750 MHz with 64 scans, ωr =11.1 kHz and 20 ms 

DARR mixing time. Sample contained 1 mg of labeled protein. The labels correspond 

to assignments obtained at 275 K according to ref. [16]. (b) Representative slices and 

linewidths in the two spectra. (c) Analysis of the Cα and Cβ chemical shift changes for 

resolved correlations in the spectra. (d) Chemical shift changes for histone H4 mapped on 

the nucleosome surface (PDB ID: 1KX5, ref. [4]). H4 residues with no resolved Cα and 

Cβ correlations in the DNP spectrum are shown in dark grey. The color coding reflects the 

largest of either the Cα or Cβ chemical shift change.
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Figure 3. 
(a) Overlay of DNP-enhanced 13C-13C DARR correlation spectra of 13C,15N-labeled H4 

nucleosome array (blue) and octamer (yellow) samples. Both spectra were acquired at 100 

K and ω1H = 600 MHz with 16 scans, ωr =12.5 kHz and 10 ms DARR mixing time. (b) 

Representative slices and linewidths in the two spectra. (c) Analysis of the Cα and Cβ 
chemical shift changes for resolved correlations in the array and octamer spectra. A and B 

represent two conformations for T30. (d) Chemical shift changes for histone H4 mapped on 

the nucleosome surface (PDB ID: 1KX5, ref. [4]). H4 residues with no resolved Cα and 

Cβ correlations in the DNP spectrum are shown in dark grey. The color coding reflects the 

largest of either the Cα or Cβ chemical shift change.
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Figure 4. 
DNP-enhanced 1D ZF-TEDOR experiments of array samples prepared with a) 13C,15N-

labeled H4, b) 13C-labeled H4, 15N-labeled H3, and c) 15N-labeled H3. The spectrum in a) 

was acquired with 16 scans, while the spectra in b) and c) were acquired with 4096 scans. 

Samples in a) and c) were prepared with 13C-depleted glycerol, while the sample in b) 

was prepared with natural abundance glycerol, causing the negative peaks in the spectrum. 

Samples contained ~ 4.5, 4.5 and 2.2 mg of nucleosome arrays, respectively. τmix = TEDOR 

mixing time.
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