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The development of methyl-transverse relaxation-optimized spec-
troscopy (methyl-TROSY)–based NMR methods, in concert with
robust strategies for incorporation of methyl-group probes of
structure and dynamics into the protein of interest, has facilitated
quantitative studies of high-molecular-weight protein complexes.
Here we develop a one-pot in vitro reaction for producing NMR
quantities of methyl-labeled DNA at the C5 and N6 positions of
cytosine (5mC) and adenine (6mA) nucleobases, respectively, en-
abling the study of high-molecular-weight DNA molecules using
TROSY approaches originally developed for protein applications.
Our biosynthetic strategy exploits the large number of naturally
available methyltransferases to specifically methylate DNA at a
desired number of sites that serve as probes of structure and dy-
namics. We illustrate the methodology with studies of the 153-base
pair Widom DNA molecule that is simultaneously methyl-labeled at
five sites, showing that high-quality 13C-1H spectra can be recorded
on 100 μM samples in a fewminutes. NMR spin relaxation studies of
labeled methyl groups in both DNA and the H2B histone protein
component of the 200-kDa nucleosome core particle (NCP) establish
that methyl groups at 5mC and 6mA positions are, in general, more
rigid than Ile, Leu, and Val methyl probes in protein side chains.
Studies focusing on histone H2B of NCPs wrapped with either
wild-type DNA or DNA methylated at all 26 CpG sites highlight
the utility of NMR in investigating the structural dynamics of the
NCP and how its histone core is affected through DNA methylation,
an important regulator of transcription.

high-molecular-weight protein–DNA complexes | one-pot synthesis of
methyl-labeled DNA | structural dynamics of protein–DNA complexes |
CpG methylation

Solution NMR spectroscopy is a powerful technique for
atomic resolution studies of the structure, dynamics, and

function of biological molecules (1). Significant advances, in-
cluding increased magnetic fields that have now reached 28 T,
corresponding to a 1H resonance frequency of 1.2 GHz, cryo-
genically cooled probes that double sensitivity, facile isotope
labeling schemes, and improved experiments that exploit the
labeling so as to minimize sensitivity losses and optimize reso-
lution, have transformed the field. This is particularly evident in
studies of proteins where the introduction of transverse
relaxation-optimized spectroscopy (TROSY)-based methods has
significantly decreased the size limitations that have traditionally
challenged NMR applications (2). Initial TROSY experiments
for proteins focused on backbone amides where the interference
between 1H-15N dipolar and 15N chemical shift anisotropy spin
relaxation mechanisms was exploited to increase the lifetimes of
NMR signals in high-molecular-weight protein systems (2) and
later extended to aromatic side chains (3). Subsequently, a
methyl-TROSY effect was described (4) that together with site-
specific labeling of methyl groups as 13CH3 in an otherwise deuterated

background (5) has enabled the study of protein systems with mo-
lecular weights as large as 1 MDa (6, 7). Applications to important
molecular machines have been reported, emphasizing, in particular,
the critical role that dynamics play in controlling function and mal-
function in these systems (8, 9).
Impressive advances in studies of nucleic acids have also

emerged (10–14), although NMR applications involving this
important class of biomolecules have lagged behind protein
studies. In part this reflects the much larger number of building
blocks for proteins than for nucleic acids, 20 amino acids vs. 4
nucleobases, that often leads to poor chemical shift dispersion in
nucleic acid spectra even at high magnetic fields, increased dif-
ficulties with sample preparation, and the fact that spectral
quality often deteriorates more rapidly with molecular weight for
nucleic acids than for proteins. As with proteins, isotopic labeling
of DNA and RNA has proven critical for detailed NMR studies
and strategies for sample production involving either chemical or
enzymatic synthesis have emerged (15, 16). Most studies of
nucleic acids by solution NMR have focused on relatively small
molecules, typically on the order of 30 nucleotides or less, yet the
success of this technology in structural studies is made clear by
the fact that ∼40% of all Protein Data Bank (PDB) entries for
this class of molecules are derived from NMR. Studies of larger
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nucleic acids have, however, been limited. Because enzymatic
approaches for sample generation result in constructs where all
nucleotides of at least one type are labeled, spectral resolution
becomes limiting for large molecules. Some simplification can be
achieved, however, by using partially deuterated precursors to
generate samples (17), as has been convincingly demonstrated in
studies of a number of RNA systems in excess of a hundred
nucleotides (12, 18, 19). Problems with resolution can be further
circumvented, in principle, via chemical synthesis where a la-
beled nucleotide can be added to a specific position along the
sequence (20, 21), although the requirement for sufficient
amounts of highly pure product limits this technology to lengths
of ∼100 nucleotides.
Recognizing the importance of methyl labeling to NMR

studies of large protein complexes, we asked whether a similar
strategy might prove useful in applications involving nucleic
acids, focusing presently on DNA. Although the thymine
nucleobase in DNA contains a methyl group attached to C5, 13C
labeling of all thymine methyl groups in DNA would be of lim-
ited utility, especially for large DNA molecules, due to peak
overlap. Instead, we sought an approach whereby 13CH3 groups
could be added to specific sites using a simple biosynthetic
strategy that would then provide probes of structure and dy-
namics. The addition of methyl groups to nucleic acids is, of
course, an idea that nature has exploited for specific functions. In
prokaryotes, for example, DNA is methylated at N6, N4, and C5
positions of adenine (N6) and cytosine (N4 and C5) by DNA
methyltransferases (MTases) that recognize specific DNA se-
quences to form N6-methyladenine (6mA), N4-methylcytosine
(4mC), and C5-methylcytosine (5mC), respectively (22). The
resulting modifications lead to a primitive immune system by
providing resistance to enzymes that would otherwise cleave host
DNA, while foreign DNA that is not methylated, derived from
bacteriophages, for example, would be cleaved (23). In mammals
the main methylation target is the C5 cytosine position in CpG
dinucleotides (24), an important epigenetic mark in the regulation
of gene expression, including X-chromosome inactivation (25) and
gene silencing (26). DNA methylation patterns are preserved
during replication by cellular MTases that recognize hemi-
methylated DNA (27). The importance of MTases in all kingdoms
of life has led to a strong interest in understanding various facets

of these enzymes and consequently many of these proteins are
either commercially available or can be obtained as clones for
recombinant expression so that they can be produced in sufficient
amounts for the generation of methylated DNA for NMR
experiments.
Herein, we exploit the array of DNA MTases that nature has

provided to generate 13CH3-methyl–labeled DNA samples that
are amenable to study via solution NMR. A simple biosynthetic
strategy is presented based on a one-pot reaction in which
13CH3-methionine is added along with S-adenosylmethionine
synthase (SAMS), adenosine 5′-triphosphate (ATP), the DNA
of interest, and the required MTases. The efficacy of the ap-
proach is demonstrated first by labeling small DNA oligonucle-
otides using different MTases (one at a time). Subsequently, the
thermodynamic and kinetic parameters for melting of a 12-base
pair (bp) sequence is established using a pair of methyl probes
that are attached to N6 positions of separate adenine bases, with
relaxation dispersion experiments quantifying the rate of rota-
tion about the adenine C6–N6 bond. Applications to the 153-bp
Widom 601 nucleosome positioning DNA sequence (28) and a
200-kDa nucleosome core particle (NCP) in which two copies
each of histones H2A, H2B, H3, and H4 are wrapped by the
Widom DNA (29) are presented using methyl-TROSY–based
approaches that highlight the utility of this labeling strategy
for NMR studies of very-high-molecular-weight DNA and
DNA–protein complexes.

Results and Discussion
Methylation of DNA via a One-Pot Reaction. Fig. 1A illustrates the
reactions used to generate 13CH3-labeled DNA, starting from
the inexpensive 13CH3-methionine precursor. In addition to Met,
the DNA to be labeled must be added (either 2H or 1H, dis-
cussed below), along with ATP, SAMS that catalyzes the con-
version of Met to S-adenosyl methionine (SAM) (30), and the
appropriate MTases that then facilitate the addition of 13CH3
moieties (red) to the DNA at the locations governed by the
recognition sites of the MTases. Although a significant number
of MTases are available commercially, their purchase becomes
expensive in the amounts needed for the preparation of NMR
quantities of labeled DNA and we have therefore produced all of
the required enzymes, including SAMS, in-house using bacterial
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Fig. 1. A one-pot DNA methylation reaction. (A) General scheme for the methylation of DNA in which SAM is produced by the reaction of ATP and 13CH3-
methionine, catalyzed by SAMS (30). SAM serves as the methyl donor in the subsequent methylation of the DNA template by a specific MTase. (B) Methylation
of an 11-bp oligonucleotide containing the Dcm recognition sequence (Inset), as monitored by the buildup of NMR peaks of the methyl groups of SAM and
the labeled DNA 11-mer, and the decay of the Met peak (25 °C). The signal from SAM is aliased (*), from 26.0 ppm. (C) Verification that Dcm-based
methylation of DNA can be driven to completion using a 153-bp DNA with two copies of the Dcm recognition sequence. Addition of the PspGI restriction
enzyme leads to DNA cleavage at nonmethylated Dcm recognition sites (Ctrl-DNA lane). As two such sites are present in 601 DNA, three fragments are
produced with 113, 28, and 2 bp, in addition to 5-base overhangs on each of the 5′ ends. Addition of PspGI at 0, 1, 2, and 3.5 h after initiation of the
methylation reaction shows that complete protection is achieved after 1 h (37 °C) under the reaction conditions used to generate methyl-labeled DNA (SI
Appendix). Shown is a 7% native polyacrylamide gel in 1× Tris–borate–(ethylenediamine)tetraacetic acid buffer, run for 1 h at 200 V.
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overexpression and purification protocols that are detailed in SI
Appendix. Fig. 1B shows a 13C-1H heteronuclear multiple-
quantum coherence (HMQC) spectrum at the completion of
the labeling reaction in which 1 mM 13CH3-methionine, 2 mM
ATP, 1.35 μM SAMS, 2 μM Escherichia coli Dcm MTase, and
0.2 mM double-stranded DNA containing the Dcm recognition
sequence were mixed in an NMR tube and allowed to incubate at
25 °C. The Dcm MTase recognizes the sequence 5′-CC(A/T)
GG-3′ (Fig. 1B, Inset) and catalyzes methylation of the C5 po-
sition of the second cytosine (i.e., closest to the 3′ end) on each
strand of the DNA to 5mC. The buildup of cross-peaks derived
from methyl groups of SAM and labeled DNA, as well as the
concomitant decrease in 13CH3-methionine, are highlighted in
separate panels. As expected, the reaction kinetics for the ad-
dition of methyl groups to the top (black) and bottom (gray)
DNA strands are the same. We have observed that under our
reaction conditions formation of SAM is much faster than the
subsequent DNA labeling step and that the conversion of Met to
SAM does not go to completion (Fig. 1 B, Lower), which reflects
the strong product inhibition of SAMS (31). We have de-
liberately chosen to carry out the reaction at room temperature,
enabling high-quality NMR data to be recorded so as to capture
the complete time course of methylation; in practice, when
preparative quantities are required, DNA labeling is performed
at 37 °C where the reaction is significantly faster. As a final note,
we have established that the Dcm MTase reaction can be made
to go to completion by using the 153-bp Widom DNA sequence
(discussed below) and monitoring protection against cleavage via
the PspGI restriction enzyme that would normally cut at Dcm
sites in the absence of methylation (32). The gel presented in
Fig. 1C shows that protection occurs rapidly after addition of the
MTase, with the DNA completely protected (i.e., methylated)
within 1 h after initiation of the methylation reaction under the
conditions of our experiment (Fig. 1C legend). We have verified
that all of the MTase reactions on Widom DNA reported in this
paper proceed to completion, as above, in particular as it is
known that the S-adenosyl homocysteine by-product of the SAM
reaction is a potent inhibitor of some of the MTases (33).

Methylation of Oligonucleotides Using a Variety of Different MTases
and Chemical Shift Assignments. Having established the efficacy of
the one-pot protocol of Fig. 1A when using the Dcm MTase we
next wanted to confirm that other MTases would similarly methylate

DNA in an efficient manner and to see if DNA methyl correlations
are sufficiently well resolved in NMR spectra so that several sites
could be methylated simultaneously in the context of large DNA
molecules. Methylation reactions were therefore carried out on a
collection of oligonucleotides, either 11 or 12 bp, each containing a
sequence that is specifically recognized by a different MTase, leading
to methylation at adenine N6 or cytosine C5 positions of the DNA.
All reactions were performed using the in vitro procedure detailed
above for Dcm (Fig. 1), except that the reactions were carried out
overnight at 37 °C to ensure complete methylation by all of the
different enzymes. The 13C-1H HMQC spectra for the resulting
methyl labeled samples are illustrated in Fig. 2, along with the rec-
ognition sequences for each enzyme (underlined) and the bases that
become methylated (bold). Some of the MTases act in an asym-
metric manner, methylating a single strand of the double helix so
that only a single correlation is present in spectra (M1.MnlI,
M2.MnlI, M1.BstF5I, and M2.BstF5I, referred to in what follows as
1Mnl, 2Mnl, 1Bst, and 2Bst, respectively), while others place a
methyl group on each of the strands, giving rise to a pair of cross-
peaks in HMQC datasets (Dcm and M.MspI, the latter referred to
in what follows as Msp). In the latter case we have obtained as-
signments of the methyl groups using a pair of oligonucleotides
where positions immediately adjacent to the recognition site were
modified. For example, consider the assignment of the Dcm spec-
trum of Fig. 2A (black). As the sequence of interest in this case is the
duplex, 5′-ACCTGGA-3′ + 3′-TGGACCT-5′, where the methyl-
ated base is in bold and the recognition site is underlined, a pair of
duplexes, 5′-TCCTGGA-3′ + 3′-AGGACCT-5′, as well as 5′-
ACCTGGT-3′ + 3′-TGGACCA-5′, were prepared and methylated
with Dcm. Comparing the resulting NMR spectra of these assign-
ment variants with the spectrum of the desired sequence allowed the
identification of which peak was derived from each of the strands of
the DNA (SI Appendix, Fig. S1A). In a similar manner, peaks from
methylated DNA generated with the Msp MTase were assigned (SI
Appendix, Fig. S1B).
The spectra of the different assignment mutants suggested a

relation between the identity of the base at the i−2 position and
the 1H chemical shift of the 5mC methyl group (i is the site of the
methyl group and positive numbering extends to the 3′ DNA
end). We explored this by generating spectra of oligonucleotides
where the i−2 positions were one of the four nucleobases,
with methylation using the Dcm enzyme (SI Appendix, Fig.
S1C). A clear trend in 1H chemical shifts was noted, with A
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(most upfield) < G < C < T (most downfield), with a similar
trend for 13C shifts although these were smaller (in hertz). We
were also able to establish how the nucleobase at the i+1 posi-
tion affects methyl 1H shifts, at least for i+1 = A or T (for which
we have data; compare magenta peaks in SI Appendix, Fig. S1A).
Notably, the methyl 1H shift for i+1 = T is upfield of that for A,
with little change in the 13C shifts, so that the effect of purines vs.
pyrimidines at the i+1 and i−2 positions on 5mC 1H chemical
shifts is swapped. We have also investigated how the i−1 position
influences methyl 1H and 13C shifts using separate oligonucleo-
tides synthesized with each of the four bases at i−1 and labeled
using the Msp enzyme. A large difference in 1H chemical shifts is
noted for sequences with pyrimidines or purines at i−1, with
significant downfield shifts (∼0.2 ppm) in the case of pyrimidines
(SI Appendix, Fig. S1D). A similar trend regarding the influence
of the i−1 position on 6mA 1H chemical shifts seems also to
hold, as a comparison of methyl peak positions in an oligonu-
cleotide labeled with either 1Bst or 2Bst, where the i−1 base is
either G or C, respectively, shows an upfield shift for the purine
(Fig. 2B).

Methyl Group Probes of the Thermodynamics and Kinetics of DNA
Melting. In what follows we provide an illustration of the utility
of methyl groups as reporters of nucleic acid dynamics by con-
sidering a small 12-mer DNA that contains the recognition site
for the E. coli Dam MTase (referred to in what follows as
12-merDam). Unlike all oligonucleotides illustrated in Fig. 2 that
were generated by chemical synthesis and subsequently methyl-
ated with the appropriate MTase in vitro, the 12-mer considered
here was generated via in vivo expression, as a by-product of the
overexpression of the 153-bp 601 Widom DNA sequence that we
will discuss subsequently. SI Appendix, Fig. S2 illustrates the
high-copy-number plasmid that was used to generate 12-merDam,
consisting of ∼30 repeats of the 601 sequence each separated by
insertions of the 12-merDam that is used here. The small 12-mer
oligonucleotides can be easily released from the large DNA
fragment via restriction digestion and separated from the other,
much larger, 153-bp DNA fragments as described in SI Appendix.
Because Dam is endogenous to E. coli that was used for over-
expression of the plasmid, production of the desired methyl-
labeled sample was accomplished simply through the addition
of 13CH3-methionine to the growth medium. As we required
samples of highly deuterated 601 DNA for other studies,
12-merDam was, by default, also perdeuterated, although this is
not essential for the applications considered here.
Fig. 3A shows a superposition of three 13C-1H HSQC spectra

recorded of 12-merDam at different temperatures. The 12-bp
sequence is shown, along with a pair of adenine N6 attached
methyl groups. At temperatures far below the DNA melting
temperature, TM, a pair of peaks is observed, one from each of
the two methyl groups of the DNA duplex. As the temperature is
raised an additional, well-resolved peak emerges from the sep-
arated strands, indicating that the methyl probes in the isolated
strands are degenerate; this peak grows with temperature until
the correlations from the duplex disappear. Peak volumes were
quantified as a function of temperature and the fraction of
strands in either the annealed (blue) or melted (orange) con-
formations plotted in Fig. 3B. The resulting curves were fit to SI
Appendix, Eq. S17 to give TM = 49.0 °C, ΔH = −99 ± 3 kcal/mol
and ΔS = (−2.9 ± 0.1) × 10−1 kcal/mol K for annealing. In order
to quantify the kinetics of the duplex↔single-strand in-
terconversion, we recorded a magnetization exchange experi-
ment (34). Fig. 3C shows one plane from a series obtained with
different mixing times, τmix, during which exchange occurs
(48.5 °C). A pair of cross-peaks, green and yellow, are observed that
derive from the conversion from duplex to single-strand (green) and
vice versa (yellow), in addition to the diagonal peaks where mag-
netization both originates on and is detected from the same state
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strands in single- and double-stranded DNA as a function of temperature are
calculated (B). (C) A series of magnetization exchange spectra (34) were
recorded to quantify the kinetics of duplex↔single-strand interconversion;
one plane at a mixing time, τmix, of 0.3 s is shown (48.5 °C) with the green
and yellow peaks resulting from the interconversion process. (D) Peak vol-
umes vs. τmix from which kon and koff values of (0.2 ± 0.06) × 106 M−1s−1 and
3.4 ± 0.9 s−1, respectively, were obtained (25 mM sodium phosphate and
100 mM sodium chloride). The fraction of double-stranded DNA obtained
from analysis of magnetization exchange data at 48.5 °C, 0.55, is in excellent
agreement with the value obtained in B, 0.54. (E) The 13C-1H multiple-
quantum relaxation dispersion profiles (35) of 6mA from single- (orange)
and double-stranded (blue) DNA, recorded at 48.5 °C and 600 MHz or 800
MHz (Inset). (F) Reduced χ2 values from fits of dispersion data as a function
of pE (Left) or kex (Right). The population of the excited state, pE, corre-
sponding to the trans conformation of the methyl group cannot be de-
termined from the data, but kex = kEG + kGE = 5,400 ± 800 s−1 can be
quantified. Errors for all magnetization exchange (relaxation dispersion)
parameters were calculated via the covariance matrix (Monte Carlo, 200
simulations) method (83).
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(i.e., duplex or single strand). Peak volumes were quantified in
Fig. 3D, from which kon and koff values of (0.2 ± 0.06) × 106 M−1s−1

and 3.4 ± 0.9 s−1, respectively, were obtained (SI Appendix).
The 12-merDam spectrum clearly shows that the methyl peak

assigned to the single strands (orange) is broader in the 13C di-
mension than the corresponding peaks from the duplex. This
differential linewidth most likely arises from differences in ro-
tation rates about the C6–N6 bond (Fig. 3 E, Top), with hydro-
gen bonding of the Watson–Crick base pairs in the context of the
duplex eliminating rotation. To quantify these rates we have
carried out 13C-1H multiple-quantum relaxation dispersion ex-
periments (35) on the sample at 48.5 °C, where correlations from
both single-strand and duplex DNA are present. Large disper-
sions were recorded for 12-merDam in the single-strand form
(Fig. 3 E, Left), while flat lines indicating no exchange contri-
butions to linewidths were obtained for the duplex (Fig. 3 E,
Right). An exchange rate kex = kGE + kEG = 5,400 ± 800 s−1 was
quantified from fits of the dispersion data for the single-strand
conformation, sufficiently fast so that it was not possible to es-
timate the relative populations of the two conformers (Fig. 3F).
It is known, however, that in the context of isolated 6mA bases
there is a strong preference for conformation G in Fig. 3E that
places the CH3 moiety in the cis position (relative to N1 of the
base), with a fractional population, pG, on the order of 0.9 (36).
In the context of a Watson–Crick base pair, however, the un-
favorable trans conformation E is adopted that enables the re-
quired interbase hydrogen bonding. It is expected, therefore, that
for single-stranded DNA pG ∼ 0.9.

Methyl-TROSY NMR of High-Molecular-Weight DNA and DNA–Protein
Complexes. The NCP is the basic building block of chromatin,
comprising four types of histones (H2A, H2B, H3, and H4, each
in two copies) and ∼150 bp of DNA that wraps around the
octameric protein core (37, 38). Methylation of DNA produces
epigenetic marks that are maintained through cell division and
that play a critical role in a plethora of different biological
processes (39). The development of methodology for quantifying
the effects of methylation on the structural dynamics of DNA,
and on the associated protein components, in the context of
large DNA–protein complexes is thus of considerable interest.
As a first step we choose to work with Widom 601 DNA, a
strong-positioning sequence designed for optimal wrapping of
DNA in NCPs (28). As described above, NMR quantities of 601
DNA were produced using a high-copy-number plasmid (40), as
shown schematically in SI Appendix, Fig. S2, with DNA gener-
ated in either rich growth medium or in a deuterated minimal
medium using a protocol that is similar to that used for the ex-
pression of highly deuterated proteins (SI Appendix). Fig. 4A
shows an overlay of one-dimensional proton NMR spectra of 1H-
and 2H-601 DNA (not methylated), establishing that ∼95% of
the protons are replaced with deuterons in the deuterated
sample; peaks labeled with * derive from buffer or residual
glycerol in the sample. Both 1H- and 2H-601 DNA samples were
subsequently methylated in a one-pot mixture containing the
reaction precursors shown in Fig. 1 and four MTases: Msp
(5mC), 2 Bst (6mA), 1Bst (6mA), and 2Mnl (6mA). The
advantage of an in vitro methylation procedure is that dif-
ferent methyl groups can be added simply by using different
enzymes. In contrast, in vivo approaches would involve sup-
pression of endogenous MTases if the labels that they pro-
duce are not of interest and adding vectors containing genes
of the MTases of interest for each desired methyl-labeling
pattern.
Fig. 4B shows the spectrum of 2H-601 DNA (25 °C) that is

methylated at five sites by the enzymes listed above (black con-
tours), overlaid with the corresponding peaks from oligonucle-
otides highlighted in Fig. 2, which were used for the assignment
of the resonances in the 601 DNA (single contours). The primary

601 DNA sequence is also shown as an inset with the four rec-
ognition sites for the chosen MTases indicated along with the
sites of methylation (five positions). Interestingly, slight, but
consistent, chemical shift differences are observed between the
methyl groups from 601 DNA and the oligonucleotides, despite
the fact that they have the same base composition in the im-
mediate vicinity of the recognition sites (with the exception of
the Msp sequence where the i−2 positions on the top and bottom
oligonucleotide strands have G and G replaced by T and C in 601
DNA, respectively). The discrepancy in peak positions is likely
the result of end effects in the context of the short oligonucle-
otides. Indeed, chemical shift perturbations were noted in a
comparison of spectra recorded on DNA fragments containing
the Dcm recognition sequence, where the methylated base was
either 10 bp or 3 bp from the DNA end.
The utility of deuteration in studies of high-molecular-weight

proteins is well established (41, 42). We wondered whether
similar advantages would be observed in NMR spectra recorded
on highly deuterated DNA or whether the lower average proton
density in nucleic acids (43) might obviate the need for
2H-labeled samples. Fig. 4 B, Inset shows comparative traces
from 13C-1H HMQC spectra of 1H- and 2H-601 DNA (spectrum
shown in gray). Average ratios of signal-to-noise (S/N) for 6mA
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Fig. 4. Deuteration is critical for recording high-sensitivity spectra of 5mC
correlations. (A) One-dimenstional 1H spectral overlays of deuterated (black)
and fully protonated (magenta) 601 DNA, both unmethylated (45 °C, 800
MHz). The asterisks indicate peaks arising from traces of glycerol in the
samples, as well as from buffer components. (B) The 13C-1H HMQC spectrum
of 2H-601 DNA (black) methylated simultaneously by 1Bst, 2Bst, 2Mnl, and
Msp. The 601 DNA methyl assignments were obtained from the corre-
sponding spectra of singly and doubly (1Bst and 2Bst) methylated oligonu-
cleotides (single contours). One inset shows the positions of methylated
bases highlighted on the sequence of the 153-bp 601 DNA. All spectra were
recorded at 25 °C, 800 MHz, and referenced with DSS. Comparative 1H traces
from 13C-1H HMQC spectra of 1H- (red) and 2H- (blue) 601 DNA, shown in a
second inset (45 °C, 800 MHz); average relative signal-to-noise ratios (S/N of
peaks from 2H vs. 1H samples) for 6mA and 5mC correlations are listed.
Spectra have been processed identically, with either pure cosine-bell or ex-
ponential multiplication window functions in each dimension with similar
relative S/N ratios obtained in both cases.
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or 5mC correlations from peak intensities measured for each of
the DNA samples (S/N of peaks from 2H vs. 1H samples) are also
indicated. The 13C-1H HMQC datasets were recorded with a 1H
proton excitation pulse of 60° that improves sensitivity per
measurement time over a 90° pulse. However, rigorous optimi-
zation via the Ernst-angle condition (44) is not possible as the 1H
longitudinal relaxation rates of the 6mA and 5mC labels are
different (discussed below). Notably, very large gains in S/N ra-
tios are observed for 5mC methyls in the 2H-601 sample, while
only modest gains are noted in the context of the 6mA label. In
addition, within the 2H-601 sample the intensities of the 5mC
correlations are two- to fourfold higher than for the 6mA peaks.
In principle, this could result from differences in efficiencies of
5mC and 6mA MTases under the labeling conditions that we
have used. However, assays that monitor the extent of methyl-
ation show that the MTase-based reactions have gone to com-
pletion at all sites (SI Appendix, Fig. S2).
The differences in S/N enhancements for 5mC and 6mA peaks

afforded by deuteration can be understood, at least semi-
quantitatively, by a comparative analysis of methyl 1H transverse
(R2) and longitudinal (R1) relaxation rates. R2 rates are directly
proportional to linewidths of cross-peaks in spectra, with spectral
sensitivity and resolution improving as R2 decreases. In contrast,
R1 rates quantify the recovery of magnetization to equilibrium
after a perturbation via pulses, with a faster recovery (larger R1)
allowing more rapid data acquisition and hence increased S/N
per unit measurement time. Fig. 5A shows regions of ideal
B-form DNA structures focused on the recognition sites for the
Msp and 2Mnl MTases, with methyl groups added to the C5
(Msp) and N6 (2Mnl) positions, respectively. The four shortest
distances between one of the methyl protons and neighboring
protons are highlighted (yellow broken lines) in each case for a
fully protonated molecule, establishing that the proton density is
significantly reduced for 6mA relative to 5mC. Methyl 1H R2
rates have been measured using an experiment that selects for
the slowly relaxing component of magnetization (45), producing
the single exponential decay curves shown in Fig. 5B for fully
protonated (red) and highly deuterated (blue) 601 DNA sam-
ples. For all of the five methyl groups considered the rates are
attenuated with deuteration, but there are much larger changes
in 1H R2 rates upon deuteration for the 5mC methyl groups
(Msp) relative to the 6mA methyls (1Bst, 2Bst, and 2Mnl),
consistent with differences in proton densities for the fully pro-
tonated samples in the two cases. Thus, the significant changes in
relative S/N values of 5mC correlations in 2H- vs. 1H-601 DNA
samples can be understood, in part, in terms of the large re-
duction in methyl 1H R2 values that accompany deuteration.
A second contributing factor to the differences in S/N en-

hancements between 2H- and 1H-601 DNA samples, at least in
so far as the 5mC correlations are concerned, arises from R1
relaxation rates, which are approximately twofold larger for the
deuterated sample (Fig. 6A; compare red and blue profiles for
Msp). In protein NMR applications involving protonated sam-
ples it is widely appreciated that methyl groups serve as re-
laxation sinks because the presence of three protons increases
the relaxation efficiency, with the three-fold methyl rotation an
important determinant of the longitudinal relaxation (discussed
below), such that methyl protons typically relax faster than
neighboring nonmethyl proton spins (46, 47). This leads to ef-
ficient cross-relaxation between the spins, increasing the effec-
tive longitudinal relaxation rates of nonmethyl protons with a
concomitant decrease in methyl 1H R1 rates. In contrast, in highly
deuterated, methyl protonated samples these cross-relaxation
pathways are eliminated, effectively enhancing methyl 1H longi-
tudinal relaxation. This phenomenon is clearly observed in the
Msp profiles in Fig. 6A. The reverse situation is noted for the 1H
R1s of the 6mA methyl groups. Although the R1 differences are
smaller between fully protonated and deuterated samples, methyl

1H longitudinal relaxation in the protonated sample is clearly
more efficient for the three labeled 6mA sites considered.
Moreover, the intrinsic 6mA R1 rates (in the 2H sample where
there is little cross-relaxation) are ∼2.5-fold smaller than for
5mC. Thus, the slowly relaxing 6mA methyl protons are no
longer effective relaxation sinks since they relax slowly; in fact,
our data suggest that the nonmethyl protons in the protonated
sample enhance relaxation of the 6mA protons via cross-
relaxation (compare red and blue traces of 2Bst, 1Bst, and
2Mnl).
One of the advantages of using methyl-group probes in studies

of high-molecular-weight proteins is that, unlike the case for
backbone amides buried in the protein core, 1H R1 rates increase
very little with molecular weight. For an isolated 13CH3 group
the dominant contributions to 1H longitudinal relaxation are
given by one-bond intramethyl 1H-13C and 1H-1H dipolar in-
teractions. In the macromolecular limit, ωcτc,eff >> 1, where ωc
is the 13C Larmor frequency (radians per second) and τc,eff is
the effective overall rotational correlation time for the methyl
group in question, the 1H relaxation rate can be well approxi-
mated by (48)

RH
1 ≈ γ2Hγ

2
Ch

2

4π2r6HC
(1 − 1

9
S2
axis)τe + 3γ4Hh

2

4π2r6HH
(1 − 1

4
S2
axis)τe, [1]

independent of τc,eff. In Eq. 1 γj is the gyromagnetic ratio of spin
j, h is Planck’s constant, rHC is the length of the 1H-13C bond, τe is
the correlation time for the rapid rotation about the methyl
threefold axis, S2axis is the square of an order parameter that
quantifies the amplitude of the methyl axis motion, and the fac-
tors of 1/4 and 1/9 take into account the orientation of the methyl
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Fig. 5. Effect of deuteration on methyl 1H R2 relaxation rates in 2H- and 1H-
601 DNA. (A) Segments of ideal B-form 601 DNA structures with methyl
groups added to the C5 (Msp, Left) and N6 (2Mnl, Right) positions of the
central C and A bases. Yellow dashed lines connect methyl protons with the
closest neighboring protons in the structure. (B) The 1H transverse relaxation
rates (slowest component) measured at 45 °C, 800 MHz (circles) and single
exponential fits (dashed lines) of data from the five 13CH3 labeled positions
in the 2H- (blue) and 1H- (red) 601 DNA samples. Extracted R2 values are listed
in the bottom left corner.
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1H-1H and 1H-13C bond vectors, respectively, with respect to the
threefold rotation axis. In studies of a range of highly deuterated,
methyl protonated proteins we have measured R1 values on the
order of 0.8 s−1 – 1.5 s−1 (5, 49), with the variability largely
reflecting differences in site-specific τe values.
The slow longitudinal relaxation rates of 6mA methyl groups

in DNA, which fall well outside the typical range of measured R1

values in proteins, are consistent with very rapid rotation about
the methyl threefold axis (i.e., small τe). In order to quantify
methyl rotation rates we have measured methyl 13C R1 values
(50) in the 2H-601 DNA sample described above. In the mac-
romolecular limit the 13C relaxation rate can be well approxi-
mated by (48)

RC
1 ≈ 3γ2Hγ

2
Ch

2

4π2r6HC

1 − 1
9
S2
axis( )τe, [2]

so that values of τe can be readily obtained from the measured RC
1

values. The τe values for the five methyl labels in the 2H-601
DNA sample (free DNA) are indicated in Fig. 6B (blue). Also
shown are the corresponding values for the Ile, Leu, and Val
methyl groups of histone H2B in an NCP sample (gray; discussed
below). Notably, τe ∼ 5 ps and ∼ 20 ps for the 6mA and 5mC
methyl groups, respectively, accounting for the significant differ-
ences in the 1H R1 rates that were measured for each methyl type
in DNA. In contrast, while the τe values for Ileδ1 and 5mC
methyls are similar, those for Leu and Val are significantly
larger, on average, so that higher 1H R1 rates are measured for
these methyls in proteins.

Applications to the NCP. A major goal of the present work is to
develop an NMR approach to study structural and motional

properties of both the DNA and the protein components in
high-molecular-weight nucleic acid–protein complexes. The NCP
is one such example and to date NMR studies of this important
complex have focused on the histone proteins exclusively, using
largely 15N-based experiments to quantify the dynamics of the
disordered protein tails (51, 52) and methyl-TROSY approaches
to study the more rigid and structured elements of the histones
and interactions between histones and other proteins that play
important roles in regulating NCP function (53–58). Fig. 7A
shows the 13C-1H HMQC spectrum of a complex in which highly
deuterated 153-bp Widom DNA, 13CH3-methyl–labeled at the
five sites discussed above, is wrapped around a deuterated
octamer core in which the Ile, Leu, and Val methyl groups of
deuterated H2B are labeled as 13CH3 (Ile δ1) and 13CH3,

12CD3
[Leu, Val; labeling is not stereospecific (5)] and the remaining
histones are perdeuterated. A comparison of spectra of methyl
labels in the free and wrapped DNA is provided in SI Appendix,
Fig. S3. In what follows deuterated H2B methyl-labeled in this
manner will be referred to as ILV-H2B. The methyl-group peaks
from DNA are well resolved in spectra from their protein-based
counterparts, so that site-specific information can be obtained
for each component of the complex simultaneously. Notably,
high-quality datasets can be measured rapidly; in the present
case the measurement time was 40 min and a sample concen-
tration of 150 μM in NCP, 45 °C (800 MHz) was used. Shown
also in Fig. 7A is a cartoon representation of the NCP (PBD ID
code 6ESF; ref. 59) with each histone color-coded (H2A, yellow;
H2B, red; H3, blue; and H4, green) and the positions of the
methyl groups on the DNA indicated by black balls.
The R1 relaxation experiments discussed above indicate sig-

nificant differences in rotation rates about the methyl threefold
axis for 5mC and 6mA labels, and also between DNA- and
protein-based methyl groups. We were interested, therefore, in
establishing whether these differences extend to other motional
parameters as well. With this in mind we carried out methyl 1H
triple-quantum–based experiments (60), Fig. 7B. The ratio of
signal intensities derived from triple-quantum vs. single-quantum
methyl 1H coherences (y axis) as a function of the time, Trelax,
during which transverse 1H relaxation occurs (x axis) generates
profiles which can be fit (SI Appendix) to quantify the product
S2axisτc,eff on a per-residue basis for methyl groups attached to
both DNA and H2B in the NCP sample. Fig. 7C plots the
obtained values for the different labels in DNA (black) and for
different residues in H2B (red). As expected, a wide range of
S2axisτc,eff values is observed for the methyl groups in H2B, from
very low for Ile0δ1 and Ile19δ1 that are localized to the H2B
unstructured N-terminal tail to high for Ile51δ1 and Va108γ1
that are part of the folded H2B histone domain and that make
important hydrophobic contacts that help stabilize the H2A–

H2B dimer interface and the H2B fold, respectively. In contrast,
S2axisτc,eff values for the DNA probes are more uniform, reflecting
their attachment to bases that are Watson–Crick-paired.
Extraction of motional parameters from methyl spin re-

laxation studies of high-molecular-weight systems is hampered by
the fact that it is difficult to separate S2axis from τc,eff, as R1

measurements report on τe and R2 rates are sensitive to the
product S2axisτc,eff. In contrast, R1 and R2 relaxation rates of
backbone spins, that can only be measured on relatively small
complexes, are sensitive to S2axis=τc,eff and S2axisτc,eff , respectively,
so that the separation of S2axis and τc,eff becomes possible. In the
present case we have used HYDROPRO (61) and the X-ray
structure of a histone octamer from Xenopus laevis wrapped
with Widom 601 DNA (PDB ID code 3LZ0; ref. 29) to estimate
τc,eff, with a value of 114 ns obtained from the calculated diffu-
sion tensor. We have also considered a more rigorous approach
where the diffusion tensor at each of a series of molecular dy-
namics trajectory snapshots was averaged (the averaged tensor
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Fig. 6. Effect of deuteration on methyl 1H R1 relaxation rates in 2H- and 1H-
601 DNA. (A) The 1H magnetization recovery curves (starting from zero
magnetization) of 5mC (Msp) and 6mA (2Bst, 1Bst, and 2Mnl) methyl groups
in 2H- (blue) and 1H- (red) 601 DNA samples, 45 °C, 800 MHz. R1 rates,
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was kindly provided by Nikolai Skrynnikov, Purdue University,
West Lafayette, IN) from which we have calculated τc,eff values
for each DNA methyl group based on its orientation in the
principal axis system of the diffusion tensor. Very little difference
was obtained between the two methods, with S2axisvalues of 0.94 ±
0.02 (Msp-top), 0.99 ± 0.02 (Msp-bottom), 0.75 ± 0.06 (1Bst),
0.68 ± 0.08 (2Bst), and 0.93 ± 0.04 (2Mnl). The Msp methyl
groups are the most rigid of those studied, while 2Bst and 1Bst
have more mobility, likely due to their proximity to one of the
DNA ends (6 and 7 bases away from the end). Of interest, the
1Bst and 2Bst methyl groups (or Msp methyls) that are proximal
to each other, and hence report on the dynamics of the same
DNA region, have similar order parameters, suggesting that very
local, site-specific perturbations resulting from the placement of
a given methyl group probe are likely to be small, at least in
these cases.
Previous studies have shown that in the context of small DNA

oligonucleotides methylation at the cytosine C5 and adenosine
N6 positions can lead to changes in stability, with 5mC resulting
in either increases or decreases in stability in a manner that is
sequence specific (62) and 6mA in decreases (63), an effect that
has recently been confirmed in the context of RNA where 6mA
labeling was shown to significantly slow the kinetics of duplex
annealing with little change to the rate of strand dissociation
(64). The DNA methyl labeling approaches that we have de-
veloped provide an avenue for addressing by NMR how DNA
methylation might affect the structural and dynamical properties
of the NCP. The main site of methylation in eukaryotes is the
5mC position (65) and in animals these are mostly localized to
CpG dinucleotides (24). While CpGs throughout mammalian
genomes are highly methylated, long repeats of unmethylated
CpGs exist, so-called CpG islands, which are usually localized to
promoter regions (66). Methylation of CpG islands leads to
transcriptional repression, presumably via direct interference
with the binding of transcription factors or indirectly, by re-
cruitment of DNA binding proteins that recognize methylated
CpG sites and block interactions with proteins required for

transcription (67, 68). X-ray studies at the level of mono-
nucleosomes establish that CpG methylation does not perturb
the structure of the NCP (69). A number of investigations,
however, indicate that a high degree of methylation of nucleo-
somal DNA does result in changes to nucleosome compaction
and rigidity. Single-molecule fluorescence resonance energy
transfer (FRET)-based studies report that NCPs become more
tightly wrapped when the DNA is CpG-methylated, potentially
leading to the transcriptional repression observed in highly
methylated chromatin (70, 71). In contrast, subsequent studies by
Jimenez-Useche et al. (72) present evidence that methylation
leads to a decreased level of compaction of nucleosomal DNA
ends. Yet another study, based on single-molecule FRET and
optical tweezers, concludes that methylation both loosens pack-
ing of DNA ends, leading to faster unwrapping of DNA, and
causes NCP mechanical destabilization (73). The authors spec-
ulate that loosening of the DNA ends of NCPs in the larger
context of chromatin may permit histone tails of adjacent nu-
cleosomes to interact, resulting in nucleosome condensation and
repression of transcription. All of these studies have focused on
the “DNA side” of the NCP and it is of interest to extend such
investigations to include an analysis of whether the dynamics of
the protein components are affected. Here we focus on H2B by
preparing an NCP sample with ILV-H2B, perdeuterated his-
tones H2A, H3, and H4, and fully protonated 5mCpG 601 DNA.
The methylated DNA was generated using the in vitro approach
illustrated in Fig. 1 by adding the M.SssI CpG MTase that spe-
cifically methylates the C5 positions of all cytosine bases in CpG
dinucleotide sequences. As the added Met was 13C-labeled in
the methyl position, all 5mCpG sequences in the DNA are
13C-labeled. The methyl-labeling reaction was shown to go to
completion by establishing protection against the HhaI re-
striction enzyme that recognizes and cuts DNA at (unmethy-
lated) 5′-GCGC-3′ sites (SI Appendix, Fig. S4). The 26 CpG sites
in the 153-bp 601 Widom DNA used here are distributed across
the sequence, as illustrated in Fig. 8A. Fig. 8B presents an
overlay of 13C-1H HMQC spectra (45 °C, 800 MHz) of wild-type
(WT; single contour, red) and CpG-methylated (light blue)

0 5 10

0.6
0.4
0.2
0.0

Msp-Bott

Trelax [ms]
0 5 10

0.6
0.4
0.2
0.0

Msp-Top

Trelax [ms]

0.6
0.4
0.2
0.0

0 5 10

1Bst

Trelax [ms]

0.6
0.4
0.2
0.0

0 5 10

2Bst

I 3
Q

/I S
Q

Trelax [ms]

0.6
0.4
0.2
0.00 5 10

2Mnl

Trelax [ms]

A

2.5 2.0 1.5 1.0 0.5
30

15
14
13
12

28

26

24

22

20

2Bst

1Bst

2Mnl

Msp-Top

Msp-Bott

ILV H2B

13
C

 (p
pm

)

1H (ppm)

* *
*

*aliased

*

*

I0
I19

I38
I51

I70
I86I58

I36
V45 2

V108 1
V45 1V41 1
V63bV115a

V108 2
V41 2
V115b

V95b
L103

L97 2

V63a

I66

I91L77 1

L97 1

L77 2

L42 2

L42 1

L98 1

L98 2

L99b

V95a

L99a
1

2 C

0
20
40
60
80

100
120

2B
st

1B
st

2M
nl

M
sp

-T
op

M
sp

-B
ot

t
I5

1

V1
08

1

I0
,1

9

Ile Leu Val

S2
c [

ns
]

B

I 3
Q

/I S
Q

S2 c (ns)
2Bst

1Bst

2Mnl

Msp

Top

Bott

Fig. 7. Methyl groups of 601 DNA in the nucleosome are well-ordered. (A) The 13C-1H HMQC spectrum of ILV-H2B, and 13CH3-5mC + 13CH3-6mA at the five
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at 45 °C, 800 MHz.
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NCPs, showing ILV-methyl correlations from H2B, as well as
weak and very broad cross-peaks that arise from the 5mCpG-
labeled DNA. As we were not interested in quantifying the DNA
peaks in this application the broad 5mC correlations are not a
concern, but their poor quality does emphasize the importance
of deuteration in studies of high-molecular-weight complexes
that focus on spectra of 5mC-labeled DNA. HMQC correlation
maps of methyl-labeled proteins are, in general, exquisitely
sensitive to the overall structure of the biomolecule under in-
vestigation, so that the superposition of the spectra shown here
provides strong evidence that DNA methylation has no effect on
the overall conformation of H2B, consistent with prior X-ray
studies of 5mCpG NCPs (69). A comparative methyl 1H triple-
quantum dynamics study was performed on NCP samples con-
taining either 5mCpG 601 or WT 601 DNA, Fig. 8C, from which
S2axisτc,eff values were calculated and compared in Fig. 8D. No-
tably, a very strong correlation is obtained, indicating no differ-
ences in picosecond to nanosecond timescale dynamics for the
ILV side chains of H2B in either of the two samples. Of the 26
residues compared, only in one case (Ile36) were the S2axisτc,eff
values different between the two samples and in this instance the
difference may reflect the close proximity between Ile36δ1 and
the H2’ and H2’’ sugar protons of a deoxyguanosine in the DNA
(<3.5 Å); short distances between methyl protons of interest and
external protons can lead to errors in quantitation (74).

Concluding Remarks
The development of facile labeling methods has been critical to
the success of biomolecular NMR (75, 76). New labeling tech-
nologies invariably stimulate advances in experiments that are
designed to exploit the label, leading, for example, to NMR
studies of high-molecular-weight proteins (77, 78). Here we
sought to develop similar strategies for focusing on DNA, so as
to begin to address structure–dynamics–function relationships in
the NCP. Labeling of DNA with NMR-active spins has been
challenging as in vitro enzymatic synthesis requires a new tem-
plate for each copy of DNA produced, unlike the case for the
biosynthesis of RNA, which limits quantities that can be gener-
ated (16). In vivo-based labeling approaches have emerged in
which multiple copies of the desired sequence are inserted into a
plasmid that is then replicated (79); however a drawback with
such enzymatic approaches is that all nucleotides of a given type
become labeled, challenging spectral resolution in applications
involving all but the smallest of DNA sequences. Chemical
synthesis of DNA has become a powerful option as it is possible
to add labeled phosphoramidite building blocks at various stages
of the synthesis so as to position the NMR labels at the desired
locations in the DNA sequence (20).
Here we describe a one-pot reaction in which the appropriate

MTases are added to a reaction mixture containing 13CH3-
methinone, ATP, S-adenosylmethionine synthase, and the de-
sired DNA to produce 5mC- or 6mA-labeled DNA. Because the
number of labeled sites can be controlled by either judicious
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choice of the DNA sequence or the MTases that are used, or
both, spectral resolution is not limiting, even in studies of very
high-molecular-weight DNAs, such as the 153-bp Widom se-
quence. The use of methyl labels as probes benefits from a wide
range of experiments developed for protein applications
exploiting a methyl-TROSY effect that provides high spectral
resolution and sensitivity. Although replacement of DNA pro-
tons with deuterons is likely not necessary when 6mA probes
exclusively are used and when the i−1 base is either C or G, as in
the present applications, 1H distances to the methyl probe are
smaller when the i−1 base is T and advantages with deuteration
may occur (SI Appendix, Fig. S5). Replacement of DNA protons
with deuterons is an absolute requirement for studies involving
5mC methyl groups due to higher proton densities in the regions
surrounding these methyl protons.
A comparison of relaxation properties of 5mC and 6mA

methyl groups in 2H-601 DNA establishes that the 6mA 1H T1
values are significantly larger than for 5mC, and over a factor of
three larger, on average, than in proteins. This follows directly
from very rapid rotation about the methyl symmetry axis, with τe
values ranging from 3 to 6 ps for the 6mA methyls, based on 13C
R1 relaxation measurements. These values are in excellent
agreement with τe estimated from a solid-state 2H-NMR study of
2′-deoxythymidine, where a room-temperature value of τe = 4.2
ps was obtained (80). The long 1H T1 values of the 6mA labels
result in correlations of decreased S/N in spectra in relation to
peaks derived from 5mC. In principle, 1H relaxation can be en-
hanced through the use of paramagnetic relaxation agents (81),
but we have not pursued that here. Notably, high-quality 13C-1H
HMQC datasets can be recorded on samples of modest con-
centrations (100 μM in NCP) using measurement times of well
under 1 h on spectrometers with state-of-the-art cryoprobes.
Methyl labeling of DNA is a common epigenetic mark and it is

of interest to understand how 5 mC labeling, the most common
mark in eukaryotes (82) and occurring predominantly at CpG
sites in mammals, affects the structural dynamics of the nucleo-
some. Using an NCP sample prepared with 601-DNA containing

26 5mCpG sites, and ILV-H2B as a read-out, we observed no
structural changes, consistent with previous X-ray studies (69).
FRET experiments have shown, however, that there are changes
in DNA compaction levels (71) and in the dynamics of the DNA
ends (73). The effect of DNA methylation on histone dynamics
has, to our knowledge, not been explored; our study establishes
little relative change in H2B picosecond to nanosecond timescale
dynamics in NCPs prepared with 5mCpG- DNA or with unlabeled
DNA. Further studies will focus on larger constructs involving
multiple copies of NCPs to establish whether interactions between
adjacent core particles are affected by methylation.
The ability to generate 13CH3-labeled DNA in a facile manner,

in concert with methyl-TROSY–based experiments, provides an
avenue for solution NMR studies of high-molecular-weight DNA
and protein–DNA complexes, as illustrated here in the context
of the NCP. The combination of high-resolution electron cry-
omicroscopy and X-ray based structural studies and NMR ap-
plications focusing on dynamics over a wide range of timescales
is expected to be a powerful and complementary strategy for
elucidating structure–dynamics–function paradigms in large
protein-DNA systems.

Materials and Methods
Details of DNA and protein expression and purification and NMR measure-
ments, along with data fitting, are provided in SI Appendix.

Data Availability. All relevant data are included in the paper and SI Appendix,
and expression vectors for production of MTases and histones are available
upon request from the authors.
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