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The majority of base pairs in double-stranded DNA exist in the canonical Watson-
Crick geometry. However, they can also adopt alternate Hoogsteen conformations in
various complexes of DNA with proteins and small molecules, which are key for biologi-
cal function and mechanism. While detection of Hoogsteen base pairs in large DNA
complexes and assemblies poses considerable challenges for traditional structural biology
techniques, we show here that multidimensional dynamic nuclear polarization—enhanced
solid-state NMR can serve as a unique spectroscopic tool for observing and distinguishing
Watson-Crick and Hoogsteen base pairs in a broad range of DNA systems based on char-
acteristic NMR chemical shifts and internuclear dipolar couplings. We illustrate this
approach using a model 12-mer DNA duplex, free and in complex with the antibiotic
echinomycin, which features two central adenine-thymine base pairs with Watson-Crick
and Hoogsteen geometry, respectively, and subsequently extend it to the ~200 kDa
Widom 601 DNA nucleosome core particle.
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In the canonical DNA double helix, Watson-Crick base pairs (bps) exist in a dynamic
equilibrium with short-lived (<1 ms) low-abundance (<1%) Hoogsteen conformations
(1). Starting from a Watson-Crick guanine-cytosine (G-C) or adenine-thymine (A-T)
bp, the corresponding Hoogsteen conformation can be obtained by flipping the purine
base 180° around its glycosidic bond and then bringing the two bases into close prox-
imity to create a new set of hydrogen bonds (Fig. 1B). While Hoogsteen bps exist as
minor conformations in naked DNA duplexes, they have been observed as the domi-
nant conformation in crystal structures of B-DNA in complex with proteins (2, 3) and
drug molecules (4), where they play unique roles in DNA recognition. Hoogsteen bps
have also been observed in structures of B-DNA duplexes containing damaged nucleo-
tide bases, where they are believed to play roles in damage accommodation (5, 6),
recognition, and repair (7), as well as in the active sites of Y-family low-fidelity poly-
merases, which replicate DNA using Hoogsteen base pairing as a means of bypassing
mutagenic lesions on the Watson-Crick face of nucleotide bases (8, 9). In addition,
Hoogsteen bps have been shown to increase the susceptibility of double-stranded DNA
to damage (10, 11).

Hoogsteen bps are often observed in stressed regions of DNA structure, in which
they appear to lubricate the DNA by providing an alternative conformation when the
canonical Watson-Crick conformation comes under stress (12, 13). Considering that
many proteins induce large distortions in the DNA upon complex formation, it is sur-
prising that Hoogsteen bps have not been more widely observed in structures of
DNA-protein complexes. A number of studies have documented that, depending on
the quality of the electron density, it can be difficult to resolve Hoogsteen from
Watson-Crick bps using X-ray crystallography (3, 14, 15). Such ambiguity can arise
even in high-resolution structures due to poor electron density at specific local sites
(14). Thus, it remains conceivable that many Hoogsteen bps in crystal structures of
DNA-protein complexes have been potentially mismodeled as Watson-Crick bps.
Indeed, a recent study identified several X-ray crystal structures of DNA—protein com-
plexes in which one or two Hoogsteen base pairs were mismodeled as Watson-Crick
(16). These Hoogsteen bps were observed in stressed regions of the DNA, including
near-mismatches, nicks, and lesions.

In this regard, the nucleosome core particle (NCP), the basic repeating unit of chro-
matin, provides an interesting test case and a starting point for exploring the occur-
rence of Hoogsteen bps within the genome. Nucleosomes govern the accessibility of
the genetic code to transcriptional machinery (17). They consist of a spool-like, highly

PNAS 2022 Vol.119 No.30 2200681119

https://doi.org/10.1073/pnas.2200681119

Significance

Hoogsteen base pairs, which are
thermodynamically less stable
than the canonical Watson-Crick
base pairs, often feature in
complexes of DNA with proteins
and small molecules, where they
play key roles in DNA recognition,
repair, and replication.
Distinguishing between
Hoogsteen and Watson-Crick base
pairs in large DNA complexes and
assemblies presents significant
challenges for traditional
structural biology techniques.
Here, we demonstrate that
Hoogsteen base pairs can be
detected if present and
distinguished from Watson-Crick
base pairs in a wide range of DNA
systems based on characteristic
NMR chemical shifts and dipolar
couplings by using
multidimensional dynamic nuclear
polarization-enhanced solid-state
NMR spectroscopy.
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Fig. 1. Model DNA duplex and Watson-Crick and Hoogsteen A-T base pairs (bps). (A) The double helix structure of '3C,">N-6T-7A-labeled nucleotide, which
has two echinomycin C-G binding sites (4C-5G and 8C-9G). The bound echinomycin molecules are highlighted in blue and the trapped Hoogsteen bps are
highlighted in red. The chemical structure of echinomycin is also shown. (B) The structures of Watson-Crick and Hoogsteen A-T bps with key internuclear
distances are highlighted in colored arrows with solid lines (Watson-Crick) or dashed lines (Hoogsteen).

conserved histone octamer protein core, around which a 145-
to 147-bp DNA duplex is wrapped around 1.65 superhelical
turns. Approximately 75% of eukaryotic DNA in the nucleus
is wrapped around the histone core proteins. In the NCP,
B-DNA experiences significant curvature (~45° per helical turn),
underwinding, and stretching (18, 19). These forces stress B-DNA
and potentially promote alternative base pairing conformations,
such as Hoogsteen bps. There are ~180 NCP X-ray structures
deposited in the Protein Data Bank (PDB) (20), and in all cases,
the bps are modeled exclusively as Watson-Crick rather than
Hoogsteen. These studies have contributed to the present view
that bps in chromatin are purely Watson-Crick.

It has previously been noted that the DNA electron density in
existing high-resolution crystal structures of NCPs is, in general,
much lower than the protein electron density (21). For example,
in one of the NCP structures containing a Widom 601 DNA
sequence (22) (PDB entry 3LZ1, with overall resolution of
2.5 A), while the DNA electron density is unambiguously mod-
eled as Watson-Crick, up to 28% of bps have ambiguous
electron density (15) (SI Appendix, Fig. S1). Therefore, discrimi-
nating between Watson-Crick and Hoogsteen bps in NCPs can
be challenging based solely on X-ray electron density. The weak
electron density at certain DNA bps could reflect DNA dynam-
ics possibly related to increased propensities to form Hoogsteen
bps. Compounding these limitations is the fact that high-
resolution crystal structures are only available for a small number
of DNA sequences that satisfy the crystallization requirement.
Given that Hoogsteen bps are strongly dependent on sequence
(23), a broader exploration of bps over many DNA sequence
contexts is needed to assess the presence or absence of Hoogsteen
bps in NCPs and chromatin.

Given the aforementioned challenges, there is an urgent need
for complimentary experimental techniques that enable the iden-
tification of Hoogsteen bps in large DNA—protein complexes
such as nucleosomes, without the limitations posed by crystalli-
zation. Cryoelectron microscopy (cryo-EM), while obviating the
need for crystallization, suffers from the same problem as X-ray
crystallography of potentially having ambiguous electron density
for DNA bps. Although solution-state NMR can visualize the
conformations of DNA bps and their dynamics (1), nucleosomes
and other high-molecular-weight DNA—protein complexes exceed
the size limit of solution NMR by roughly an order of magni-
tude. However, magic angle spinning (MAS) solid-state NMR
does not suffer from inherent limitations related to molecular size
and allows high-resolution spectra to be collected for large
assemblies of biological macromolecules (24-26). For example,
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high-resolution MAS NMR spectra of condensed nucleosomes
and nucleosome arrays containing '°C,'’N-labeled histone pro-
teins and unlabeled DNA have been reported in several recent
studies focused on the analysis of histone protein structure,
dynamics, and interactions in chromatin (27-31). Moreover,
while the vast majority of applications of biomolecular MAS
solid-state NMR to date have been to peptides and proteins, the
utility of this methodology toward detailed atomic-level charac-
terization of nucleic acids and nucleic acid—protein complexes
has also been demonstrated (32-37).

Here, we illustrate the potential of using solid-state NMR
coupled with dynamic nuclear polarization (DNP) (38), which
has been applied toward the structural analysis of numerous
proteins and protein assemblies (38, 39), to obtain atomic-level
information regarding base pairing in DNA on the basis of
C and "N chemical shifts and interbase '>C-">N dipolar
couplings (Fig. 1B). We focus specifically on A-T bps, given
that A-T Hoogsteen bps are more energetically favored (by
~1 kcal/mol) relative to G-C* Hoogsteen bps, under physio-
logical conditions (1). DNP solid-state NMR is ideally suited
for this purpose, and this methodology has recently been
successfully used to investigate several nucleic acid and DNA/
RNA-—protein systems (40-44). In addition to offering NMR
sensitivity enhancements of ~1 to 2 orders of magnitude,
which are crucial for studies of DNA complexes in amount-
limited samples potentially containing different bp conformers,
the fact that DNP solid-state NMR measurements are typically
conducted at low temperatures (~100 K or below) makes this
approach particularly well positioned to generally address this
problem since, in principle, it enables direct observation of
“frozen out” noncanonical Hoogsteen DNA bp conformations
that at ambient temperatures exist in dynamic equilibrium with
Watson-Crick bps. We initially apply this DNP solid-state
NMR-based approach to a model DNA duplex containing two
central "*C,"’N-labeled A-T bps, which convert from Watson-
Crick to Hoogsteen conformation upon the binding of an anti-
biotic molecule echinomycin (45) and subsequently extend it
to probe DNA bp conformation in nucleosomes (~200 kDa)
reconstituted with '>C,'"’N-labeled DNA and natural abun-
dance histone proteins.

Results

Model DNA Duplex with Watson-Crick and Hoogsteen Base
Pairing. To establish the DNP solid-state NMR approach, we
used a 12-mer DNA duplex (5-ACACGTACGTGT-3') to
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model the Watson-Crick and Hoogsteen conformations (Fig.
1A). Prior studies (45-47) have shown that two echinomycin
molecules bind to the CpG steps in this Watson-Crick duplex
to induce two A-T Hoogsteen bps in the central TpA step.
Echinomycin shows limited direct interactions with the Hoogs-
teen bps, inducing relatively small chemical shift perturbations
(<2 ppm) around the binding sites (45), thus providing a
means of measuring the NMR spectroscopic signatures of A-T
Hoogsteen conformation in the context of double-stranded
DNA. The 12-mer DNA duplex in the absence of echinomycin
serves as the corresponding A-T Watson-Crick control sample.

The DNA duplex was prepared using chemical synthesis to
uniformly enrich the central A and T residues involved in the
two A-T Hoogsteen bps with '>C and "°N isotopes, and the
DNA~—echinomycin complex was formed as described previ-
ously (45). Solution-state NMR was used to confirm that the
duplex adopts a Watson-Crick conformation in the absence of
echinomycin and that the two central A-T bps adopt Hoogs-
teen conformations when bound to echinomycin, identified by
the ~2.5 ppm downfield shift of the adenine C8 resonance (S
Appendix, Table S1), in line with our previous study (45).
Samples for the DNP solid-state NMR measurements were
generated to closely mimic those used for the solution-state
NMR studies and consisted of the DNA duplex with and with-
out bound echinomycin at concentrations of ~3-4 mM and
the biradical polarizing agent AMUPol (48) in a phosphate-
buffered glycerol-water mixture, as described in the Materials
and Methods section.

DNP Enhanced Solid-State NMR Spectra of DNA Duplex Samples.
To establish the feasibility of using DNP solid-state NMR
to monitor bp conformations in DNA, we commenced our
study with experiments on the model duplex at natural abun-
dance isotope concentrations. DNP solid-state NMR experi-
ments on biological samples typically use a solvent matrix
consisting of deuterated glycerol, D,0, and H,O in a 60:30:10
vol/vol/vol ratio (38). Given that imino protons can readily
exchange with water (49), we investigated whether the use of a
solvent matrix that does not contain any D,O would permit rea-
sonable DNP NMR signal enhancements to be obtained for
these DNA samples. A comparison of the '*C cross-polarization
MAS (CP-MAS) NMR spectra of the DNA duplex recorded
in the D,O-containing solvent matrix and those in the corres-
ponding solvent matrix containing H,O in place of D,O (87
Appendix, Fig. S2) shows significant 13C NMR signal enhance-
ments for samples in both solvent matrices in spectra recorded
with the microwaves (MWs) turned on versus corresponding
spectra with the MWs turned off. The DNP enhancements,
epne = Lon/log — 1, where I,,, and I ¢ are the NMR signal inten-
sities integrated over the entre spectral window with MWs
turned on and off, respectively, were found to be on the order of
~100. Importantly, for the deuterated glycerol/H,O solvent
matrix, the resonance intensities for most °C sites, including
those located in the vicinity of the imino protons, are comparable
to or exceed the corresponding '*C resonance intensities for the
deuterated glycerol/D,O/H,O matrix, indicating that the absence
of D,O in the solvent matrix does not preclude the acquisition of
high-sensitivity DNP-enhanced solid-state NMR spectra for the
DNA samples.

Next, we explored the spectral changes induced by the bind-
ing of echinomycin to the DNA duplex at natural abundance
isotope concentrations. Comparison of the DNP-enhanced '°C
CP-MAS NMR spectra of the DNA duplex with and without
bound echinomycin (S Appendix, Fig. S3A) reveals changes in
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several '?C resonance frequencies in the base and sugar spectral
regions, presumably indicative of the conversion from Watson-
Crick to Hoogsteen conformation for the two central A-T bps.
However, spectral overlap with the remaining Watson-Crick
bps prevents the verification of Hoogsteen bps in this sample.
Moreover, a number of additional '>C resonances appear in the
~20- to 50-ppm and the ~120- to 180-ppm spectral regions
for the DNA-echinomycin complex, corresponding to bound
echinomycin molecules, which are absent in the free DNA
duplex.

Finally, relative to natural abundance DNA, the 13C, N iso-
tope enrichment of central A and T residues in the DNA duplex
results in major increases in '>C spectral sensitivity for these resi-
dues for both free DNA (Fig. 24) and the DNA—echinomycin
complex (Fig. 20), with associated epnp values of 156 and 102,
respectively. Remarkably, '?C CP-MAS NMR spectra of the
13C,">N-labeled DNA samples with and without bound echino-
mycin exhibit clear and unambiguous differences, which not
only confirms a conformational change due to the binding of
echinomycin to the 12-mer DNA duplex but also reveals that
A-T Watson-Crick and Hoogsteen bps have distinct spectral

signatures.

Chemical Shift Assignments of A-T Watson-Crick and Hoogsteen
bps in DNA Duplex Samples. Two-dimensional (2D) z-filtered
transferred echo double-resonance (ZF-TEDOR) DNP solid-
state NMR experiments (51), which generate BC.I5N correlations
via polarization transfers based on corresponding through-space
3C-"N dipolar couplings, were performed to establish the '*C
and "°N chemical shift assignments for A-T Watson-Crick and
Hoogsteen bps. ZE-TEDOR spectra recorded with short dipolar
mixing times of 1.33 ms (8] Appendix, Fig. S4) primarily contain
correlations corresponding to directly bonded '>C-'"N pairs and
those separated by two bonds, allowing the nearly complete
chemical shift assignments of A-T Watson-Crick and Hoogsteen
base >C and '’N resonances as well as sugar C1’ and C2
resonances. Additional chemical shifts, such as TC7 and sugar
C3'-C5, are extracted from longer mixing time ’N-13C ZE-
TEDOR (Fig. 2B and D) and 13C13¢C dipolar assisted rotational
resonance (DARR) spectra (S Appendix, Fig. S5). Relative to
solution NMR experiments, which typically only detect the pro-
tonated carbons and nitrogens, the DNP-enhanced ZF-TEDOR
solid-state NMR spectra readily yield the chemical shifts for all
resolved base and sugar '>C and "N sites, thereby dramatically
increasing the amount of data that may be used to discriminate
Watson-Crick and Hoogsteen bp conformations. In summary,
all A and T base and sugar carbons and nitrogens were unambig-
uously assigned for the model Watson-Crick and Hoogsteen
DNA duplex samples (S Appendix, Table S1), with the excep-
tion of AC3'-C5’ and TC3/'-C5' for the Watson-Crick form due
to spectral overlap. The latter is to be expected given that the
Watson-Crick double helix features similar sugar backbone con-
formations, leading to indistinguishable chemical shifts for these
A and T sugar carbons. Note that the majority of resonances in
the Watson-Crick and Hoogsteen DNA duplex samples were
found to have uncertainties of less than 0.5 ppm in the '°C and
>N chemical shift values and linewidths in the ~1.5 to 3 ppm
and ~4 to 6 ppm range for '’C and "N, respectively (S7
Appendix, Table S1). The observed resonance linewidths are con-
sistent with those reported in prior low-temperature DNP solid-
state NMR studies of nucleic acids and other biomolecules (39,
41), and, as expected (39), exceed those that can be obtained in
solid-state NMR spectra recorded at ambient temperature for
microcrystalline nucleic acid samples (36, 41).
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Fig. 2. DNP solid-state NMR analysis of Watson-Crick and Hoogsteen DNA duplexes. (4) '3C CP-MAS solid-state NMR spectra of the '3C,">N-TA DNA duplex
with Watson-Crick base pairing recorded with microwaves (MWs) on (red) and off (black; the MW off spectrum is shown at 10x intensity). The use of DNP
yields an NMR signal enhancement (epnp) Of 156. Resonance assignments determined based on '>N-"3C TEDOR and '3C-'3C DARR spectra are indicated (for
details, see text and S/ Appendix, Figs. S4 and S5). Spinning sidebands and background signal arising from a silicone rotor insert are denoted by (*) and (#),
respectively. (B) DNP enhanced ">N-'3C ZF-TEDOR (Right) and band-selective TEDOR (Left) solid-state NMR spectra of the '3C,">N-TA DNA duplex recorded
with dipolar mixing times of 10 ms and total measurement time of 96 h per spectrum. For band-selective TEDOR, the frequency selective '3C 180° refocus-
ing pulses were applied at 169 ppm, corresponding to TC4 resonance frequency. The A-T ">N-'3C correlations are denoted in green in the spectra, with
correlations that provide direct spectroscopic signatures of the bp conformation highlighted in large bold font and indicated with green arrows in the bp
structure in (A). (C and D) Same as (A and B), but for the 'C,">N-TA DNA duplex bound to echinomycin with Hoogsteen conformation for the two central A-T
bps (epnp = 102 for the 3C CP-MAS spectrum). (E and F) DNA duplex structures with Watson-Crick () and Hoogsteen (F) conformation for the central A-T bps
highlighted in orange. The structure in (E) was generated using 3DNA, assuming an idealized B-form geometry (54), and the structure in (F) corresponds to
the experimental crystal structure (PDB entry 1XVN) (4). Mapped onto the structures are the dipolar coupling-based A-T correlations observed in ">N-'3C
TEDOR (green) and "3C-"3C DARR (gray) solid-state NMR spectra, corresponding to the shortest interatomic distance in the structure.

Prior solution state NMR studies of model DNA duplexes
have established several '>C chemical shift signatures that can
reliably distinguish A and T Watson-Crick versus Hoogsteen
bp conformations (5, 45), including ~2 to 3 ppm downfield
shifted AC1’ and AC8 for Hoogsteen bps relative to Watson-
Crick bps. Chemical shift differences (A8) of this magnitude
between Watson-Crick and Hoogsteen bps are robustly observed
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in a wide variety of sequence contexts for both A-T and G-C*
Hoogsteen bps (1, 23) stabilized by chemical modification (1, 5,
6) or through the binding of echinomycin (45, 46), as well as
transient Hoogsteen bps in naked unmodified DNA (1, 5).
These shift differences could be rationalized using density func-
tional theory (DFT) calculations as arising due to changes in the
local conformation at the bp, including changes in y angle at the
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glycosidic bond, base pairing hydrogen bonding, and proton-
ation of cytosine (1, 52). Altogether, these findings imply that
these chemical shift signatures report primarily on the bp confor-
mation and do not simply result from changes in local electronic
structure at the base and sugar sites due to direct interactions
with the bound echinomycin ligand. In addition, echinomycin
does not appear to engage in any specific interactions with the
A-T Hoogsteen bps in the 12-mer DNA duplex used for this
study (45). These unique chemical shift signatures were also
observed in the present study in DNP solid-state NMR spectra of
the model DNA duplex samples, with A8 values for Hoogsteen
versus Watson-Crick bps of 2.74 ppm for AC1’ and 3.28 ppm
for AC8 (81 Appendix, Table S1 and Fig. S6).

Importantly, the solid-state NMR experiments provide a
number of additional AJ signatures, beyond those accessible
by solution NMR, that may be used to discriminate between
Woatson-Crick and Hoogsteen bps with high confidence in a
wide range of DNA systems. For example, we observed the fol-
lowing substantial '*C and '°N chemical shift differences for
Hoogsteen versus Watson-Crick bps: ~7 ppm downfield for
AN3, ~3 ppm upfield for AN7, ~3.5 ppm upfield for AN9,
~3 ppm downfield for TN1, and ~4 ppm upfield for TC2' (57
Appendix, Table S1). The sizeable bp conformation-dependent
chemical shift changes for adenine likely stem from the change
from an anti to a syn conformer due to the rotation of the
purine about the glycosidic bond, whereas thymine generally
experiences smaller chemical shift changes, particularly within
the base, which remains an# in both Watson-Crick and Hoogs-
teen conformations (5). While a direct comparison of these
additional solid-state NMR Hoogsteen versus Watson-Crick bp
A signatures to solution NMR data are not feasible, many of
them are found to be in remarkably good agreement with the
corresponding A8 values predicted by DFT calculations for
Watson-Crick and Hoogsteen duplex DNA structures carried
out in the absence of echinomycin (S/ Appendix, Fig. S6),
despite the inherent limitations on the accuracy of DFT chemi-
cal shift predictions when modeling biomolecules as single
structures rather than dynamic ensembles (5, 53). The latter
further underscores the notion that the A-T bp conformation,
rather than a direct interaction with the bound echinomycin
ligand, is primarily responsible for the base and sugar '>C and
N chemical shift differences observed in the model Watson-
Crick and Hoogsteen DNA duplexes. Notably, several of these
signature chemical shift changes correspond to directly bonded
3C and "N nuclei, such as AN3-C4, AN7-C8, AN9-C4, and
AN9-C8, and are strongly correlated with one another. This
leads to significant shifts in ""N-'C resonance frequencies, by
amounts that considerably exceed the uncertainties in experi-
mental '>C and "N chemical shifts (SI Appendix, Table S1),
and migration of cross-peaks to empty regions of the 2D
ZF-TEDOR spectrum (SI Appendix, Fig. S4), which can gener-
ally serve as spectral fingerprints of A-T Hoogsteen versus
Watson-Crick bp conformation and even facilitate the observa-
tion of a minor population of A-T Hoogsteen bps in the pres-
ence of a predominant Watson-Crick conformer (or vice versa).
Indeed, this possibilicy of concurrent detection of Watson-
Crick and Hoogsteen bp conformers in the same sample by the
low-temperature DNP solid-state NMR approach described in
the present study is supported by our data for the duplex
DNA-echinomycin complex. Specifically, close inspection of
the 2D ZF-TEDOR spectra in SI Appendix, Fig. S4C reveals
that the spectrum for the Hoogsteen DNA duplex (blue con-

. . . 15x7 1
tours) contains several minor “residual” cross-peaks at SN-13C
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frequencies associated with signature Watson-Crick bp corre-
lations (e.g., AN7-C8, AN9-C8), in addition to the major
Hoogsteen bp cross-peaks. These residual cross-peaks most
likely stem from populations of Hoogsteen and Watson-Crick
bp conformers that are engaged in dynamic exchange at ambi-
ent temperature but frozen out under low-temperature condi-
tions used for the DNP solid-state NMR measurements. Prior
solution NMR studies (46) have found the Hoogsteen bps in
this duplex 12-mer DNA—echinomycin complex to be dynamic,
and a more recent quantitative relaxation dispersion solution
NMR study of this system (45) indicates that for the central A-T
bps the major Hoogsteen conformer undergoes exchange on the
millisecond time scale with a minor Watson-Crick state with a
population of ~3 to 4%.

Probing '*N-'3C Dipolar Couplings in A-T Watson-Crick and
Hoogsteen bps in DNA Duplex Samples. Inspection of A-T
Watson-Crick and Hoogsteen bp structures indicates that sev-
eral distances between >C and >N atoms for the two bases are
highly characteristic for each conformation (Fig. 1B). Namely,
the AN1-TC4 and TN3-AC2 distances are both ~3.7 A for
Watson-Crick bps (both distances increase to ~6 to 6.5 A for
Hoogsteen bps), and, similarly, the AN7-TC4 and TN3-AC8
distances are ~3.7 to 3.8 A for Hoogsteen bps (both distances
increase to ~7 A for Watson-Crick bps). In principle, °N-'°C
through-space dipolar couplings corresponding to the ~3.5- to
4-A distances should be detectable by using TEDOR solid-state
NMR experiments (51) recorded with longer (~5 to 10 ms)
mixing times, while dipolar couplings associated with the ~6-
to 7-A distances are too weak to generate observable BN-BC
cross-peaks. In addition, the unambiguous chemical shift
assignments of the aforementioned >N and '*C sites, in the
Watson-Crick and Hoogsteen DNA duplex samples, are
expected to facilitate the observation of the A-T '’N-'°C corre-
lations of interest.

The rightmost panels of Fig. 2B and D show "N-'°C
ZF-TEDOR spectra recorded with a dipolar mixing time
of 10 ms for the model Watson-Crick and Hoogsteen DNA
duplex samples, respectively. The spectrum for the Watson-
Crick DNA duplex contains three A-T ""N-'°C correlations,
TN3-AC2 (appearing as a downfield shoulder adjacent to the
TN3-C2 cross-peak), AN6-TC4, and ANG6-TC7. The spec-
trum for the Hoogsteen DNA duplex contains four A-T
N-°C cross-peaks, TN3-AC8, AN1-TC7, ANG-TC4, and
ANG6-TC7. Notably absent from these spectra, however, are the
expected cross-peaks corresponding to distances in the ~3.7- to
3.8-A regime involving the TC4 site, AN1-TC4 (Watson-
Crick) and AN7-TC4 (Hoogsteen). Given that the BN-BC
cross-peak intensities in ZF-TEDOR experiments are modu-
lated by homonuclear '>C-">C J-couplings and consequently
are significantly attenuated, we recorded analogous band-
selective TEDOR spectra (51) for the DNA duplex samples
with a 10-ms dipolar mixing time and frequency-selective '>C
180° pulses applied at the resonance frequency of TC4 to refo-
cus the ~65-Hz TC4-C5 J-coupling (54) (Fig. 2B and D, left-
most panels). These band-selective TEDOR spectra were found
to contain the correlations characteristic of Watson-Crick and
Hoogsteen bps, AN1-TC4 and AN7-TC4, respectively, as well
as ANG-TC4 cross-peaks that are more intense relative to those
observed in the ZF-TEDOR spectra.

Interpretation of ’N-">C dipolar contacts in terms of bp
topology must consider the fact that both central A-T pairs are
3C,"N-labeled for the model DNA duplexes used in this
study. This means that, in general, the correlations observed in
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TEDOR spectra recorded for these samples will contain contri-
butions from both A and T bases located in different DNA
strands and constituting the bp as well as from successive A and
T bases of the same strand. Table 1 lists the inter- and intra-
strand A-T ""N-"’C distances for the model Watson-Crick
and Hoogsteen DNA duplexes, associated with correlations
observed in the TEDOR solid-state NMR spectra. These data
reveal that the AN1-TC4 and TN3-AC2 (AN7-TC4 and TN3-
ACSB) correlations for the model Watson-Crick (Hoogsteen) DNA
duplex are primarily interstrand in nature and therefore provide
direct spectroscopic signatures that report on the bp conformation;
note that the ~3.7- to 3.8-A interstrand A-T distances are associ-
ated with "N-"°C dipolar coupling constants of ~60 Hz, which
exceed by a factor of ~1.5 to 2 the magnitudes of corresponding
intrastrand couplings, given the inverse cube dependence of the
dipolar coupling constant magnitude on the internuclear distance.
However, the ANG-TC4 correlations observed for the two model
DNA duplex samples arise largely from ~3.3- to 3.5-A intrastrand
contacts and do not report on the bp conformation. Irrespective
of this, the ANG6-TC4 cross-peaks could not be used to reliably
distinguish between Watson-Crick and Hoogsteen bps since these
two conformers are associated with nearly identical interstrand
ANG-TC4 distances in the ~3.7- to 3.9-A range. Similarly, the
AN1-TC7 and ANG6-TC7 correlations for both DNA duplex
samples arise from ~3.5- to 4.5-A intrastrand contacts, with the
corresponding interstrand contacts being associated with '"N-'°C
distances in the ~6- to 8-A regime and beyond the detection limit
of TEDOR experiments. Finally, in addition to the '"N->C
TEDOR spectra, we recorded long (500 ms) mixing time BeBc
DARR spectra for both DNA duplex samples (S Appendix,
Fig. S5). While these spectra contain a multitude of cross-peaks,
including a considerable number of A-T correlations involving
base and sugar 13C nuclei (9 and 10 for the Watson-Crick and
Hoogsteen DNA duplex samples, respectively), all of these A-T
correlations are associated with intrastrand distances, which are
significantly shorter than the corresponding interstrand distances
between the same '>C sites (S7 Appendix, Table S2) and hence
do not report directly on the base pair conformation. Fig. 2F
and F, respectively, show the A-T contacts observed in ’N-'’C
TEDOR and >C-">C DARR spectra, mapped onto the Watson-
Crick and Hoogsteen DNA duplex structures.

Probing DNA Base Pairing in Nucleosomes. To assess the
potential of DNP solid-state NMR to probe base pairing in
chromatin and other large DNA—protein complexes, we applied

this methodology to an NCP. The NCP sample was prepared
by reconstituting uniformly '*C,'’N-labeled 147-bp Widom
601 DNA (22) with natural abundance histone octamer, com-
posed of two copies each of histone H2A, H2B, H3, and H4
proteins (Fig. 34 and SI Appendix, Figs. S7 and S8), as
described in the Materials and Methods section. The sucrose
gradient—purified NCP shows the expected shift in DNA elec-
trophoretic mobility on an acrylamide gel upon binding histone
octamer (87 Appendix, Fig. S9). For the DNP solid-state NMR
measurements, the NCP sample was pelleted by ultracentrifu-
gation and resuspended in a mixture of 60:40 dg,'*C-glycerol:
H,O (vol/vol) containing the AMUPol polarizing agent. DNP
enhanced ">C and "N CP-MAS solid-state NMR spectra for
the NCP sample are shown in Fig. 3B and C, respectively;
DNP enhancement of 122 was found for the '>C spectrum,
consistent with epnp values in the ~100 to 150 regime
obtained for the model DNA duplex samples (cf., Fig. 2). Fig.
3D shows a DNP enhanced '°N-">C ZF-TEDOR solid-state
NMR spectrum of NCPs reconstituted with 13C,N-labeled
Widom 601 DNA recorded with a dipolar mixing time of
1.33 ms. The quality of this spectrum is remarkable given the
large molecular size of the NCP (~200 kDa) and the fact that
the sample used for the solid-state NMR measurements con-
tains only ~1 to 1.5 mg (~10 to 15 nmol) of DNA, and, to
the best of our knowledge, these data correspond to the initial
observation of any unmodified DNA signals in NCPs by NMR
spectroscopy.

Analogous to the model DNA duplex samples, the NCP
N-"*C ZF-TEDOR spectrum enabled complete chemical
shift assignments to be established for all of the base '°N and
'3C sites for each of the four nucleotide types in Widom 601
nucleosomal DNA. In addition, C2’ sites were unambiguously
assigned for each type of nucleotide from the ZF-TEDOR
dataset, and the TC7 methyl resonance at ~14 ppm was readily
identified in a 1D 'C CP-MAS spectrum and confirmed in
a 2D 3C-"3C DARR spectrum (SI Appendix, Fig. S10 and
Table S3). While the DNA nucleosome positioning sequence
used in the current study contains 31, 33, 36, and 47 A, T, G,
and C nucleotides per strand, respectively, no residue-specific
resonance assignments could be determined from the > N-'°C
correlation spectrum given the similarity of the chemical shifts
for each type of nucleotide. Interestingly, a comparison of
the NCP ""N-">C ZF-TEDOR spectrum with that of free
3C,"N-labeled Widom 601 DNA in glycerol/water/AMUPol
matrix (SI Appendix, Fig. S11) shows a small degree of broadening

Table 1. Inter- and intrastrand A-T distances for model Watson-Crick and Hoogsteen DNA duplexes

Watson-Crick Hoogsteen

Interstrand Intrastrand Interstrand Intrastrand
Atoms distance (A) distance (A) distance (A) distance (A)
AN1 TC4 3.7 4.4 6.0 4.1
AN1 TC7 6.2 6.3 8.0 3.8
AN6 TC4 3.7 3.5 3.9 33
AN6 TC7 6.1 4.6 5.7 3.7
AN7 TC4 6.7 4.5 3.8 4.1
TN3 AC2 3.7 43 6.5 5.1
TN3 AC8 7.2 4.8 3.7 4.1

Distances corresponding to A-T ">N-"3C correlations observed in TEDOR solid-state NMR spectra of model Watson-Crick or Hoogsteen DNA duplexes are
highlighted in bold font. Note that while, in general, both inter- and intrastrand '>N-'3C dipolar couplings contribute to the cross-peaks, the primary
contribution arises from the largest coupling associated with the shortest interatomic distance (see Results section for details). Distances for the Watson-Crick
DNA duplex were determined from a structure generated using 3DNA, assuming an idealized B-form geometry (54). Distances for the Hoogsteen DNA duplex

were determined from the crystal structure (4).
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Fig. 3. DNP solid-state NMR analysis of Widom 601 DNA nucleosomes. (A) X-ray crystal structure of the nucleosome core particle (NCP) with Widom 601
DNA (PDB entry 3LZ1) (56). The DNA is colored in green and histones H2A, H2B, H3, and H4 are gray. (B) '3C and (C) >N DNP enhanced CP-MAS solid-state
NMR spectra of the NCP sample reconstituted with U-'3C,"”>N-DNA (green). For the ">C spectrum, spinning sidebands and background signal arising from a
silicone rotor insert are denoted by (*) and (#), respectively, and comparison of the MWs on spectrum with a spectrum recorded with MWs off (black; shown
at 10x intensity) yields a epnp value of 122. The "N MW off spectrum had negligible intensity and is not shown. (D) DNP enhanced ">N-"3C ZF-TEDOR solid-
state NMR spectrum of the NCP sample recorded with a dipolar mixing time of 1.33 ms and total measurement time of 40 h, with resonance assignments
for A, T, G, and C base and sugar sites indicated. (E-G) Small regions of NCP 15N-13¢ spectra (green contours) including (E) ZF-TEDOR (1.33 ms dipolar mixing
time), (F) band-selective TEDOR (10 ms dipolar mixing time) with frequency-selective '>C 180° refocusing pulses applied at the TC4 resonance frequency
(169 ppm) and (G) ZF-TEDOR (10 ms dipolar mixing time) recorded with total measurement times of 40, 53, and 53 h, respectively. Overlaid on the NCP spec-
tra are the corresponding spectra of model DNA duplex samples with Watson-Crick (single red contour) and Hoogsteen (single blue contour) conformation

for the central A-T bps.

for muldple correlations upon NCP formation, indicative of
minor chemical shift perturbations at different sites likely induced
by DNA structural changes caused by wrapping around the his-
tone octamer. These perturbations are in line with small base and
sugar '°C chemical shift changes (up to ~1 to 2 ppm) observed
upon the formation of other DNA—protein complexes with DNA
curvature comparable to that found in nucleosomes (56).

The finding that DNA '°C and '°N chemical shift perturba-
tions resulting from NCP assembly are relatively minor imme-
diately suggests that most bps in Widom 601 DNA NCPs,
for which roughly one-third were found to have ambiguous
electron density in a high-resolution crystal structure (cf., S/
Appendix, Fig. S1) (15), are Watson-Crick (assuming that free
Widom 601 DNA in the absence of histone octamer is fully
Watson-Crick). In addition, this finding allows us to explore
the possible presence of A-T Hoogsteen bps by examining in

PNAS 2022 Vol.119 No.30 2200681119

detail the spectral regions identified for the model DNA duplex
samples to contain BALBC cross-peaks that can serve as unique
signatures of Watson-Crick versus Hoogsteen bp conformation.
In Fig. 3F we show a small region of the short mixing time
N-°C ZE-TEDOR spectrum recorded for the NCP sample
(cf., Fig. 3D), overlaid with the corresponding spectra for the
Watson-Crick and Hoogsteen DNA duplexes (SI Appendix,
Fig. S4). Longer mixing time (10 ms) ZF-TEDOR (Fig. 3G)
and band-selective  TEDOR (Fig. 3F) spectra were also
recorded for the NCP sample, assigned based on the established
NCP DNA chemical shifts (S/ Appendix, Table S3) and com-
pared with corresponding datasets for the model DNA duplex
samples (cf., Fig. 2). Inspection of the short mixing time
ZF-TEDOR spectra (cf., Fig. 3E) reveals a high degree of
correspondence between the '’N-">C correlations for A and

T bases in the model Watson-Crick DNA duplex and the
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corresponding cross-peaks for the NCP sample, further con-
firming that the A-T bps in nucleosomal Widom 601 DNA are
Watson-Crick. Notably absent is evidence of any appreciable
intensity in the relatively isolated regions of the spectrum corre-
sponding to the signature A-T Hoogsteen bp correlations
AN3-C4, AN7-C8, AN9-C4, and AN9-C8. While the spectral
sensitivity attainable in our experiments does not absolutely
exclude a scenario in which one or more A-T bps in Widom
601 DNA within nucleosomes can access low-populated minor
states with Hoogsteen conformation, given that the NCP sample
exhibits normalized per base signal-to-noise ratios in the ~2 to 10
regime for the different A-T ""N-'>C cross-peaks, our data indi-
cate that it is unlikely that Widom 601 DNA NCPs contain one
or more stable Hoogsteen A-T bps.

Interestingly, the long mixing time TEDOR spectra do con-
tain several A-T and C-T correlations, including ANG6-TC4,
ANG-TC7, AN9-TC7, and CN4-TC7. Based on the data
described above for the model DNA duplex samples (cf., Table
1), these correlations likely report on A-T and C-T base stack-
ing involving adjacent nucleotides within the same DNA strand
rather than on interstrand contacts within a hydrogen-bonded
bp. For example, the average AN9-TC7 interstrand distance in
the NCP is 10.1 A (55), compared to average intrastrand dis-
tances of 4.1 and 7.5 A between these sites for ApT and TpA
steps, respectively, for which the ApT step can be expected to
generate an observable '’N-'>C cross-peak in a TEDOR spec-
trum. This result is also consistent with data for the model
Watson-Crick DNA duplex, in which the AN9-TC7 correla-
tion was not detected due to the fact that the sequence contains
a TpA step with an intrastrand AN9-TC7 distance of 7.0 A.
Finally, it is worth noting that neither of the characteristic
interstrand Watson-Crick bp dipolar contacts observed for the
model DNA duplex, AN1-TC4 and TN3-AC2, could be
detected for the NCP sample. This is due to insufficient spec-
tral sensitivity and spectral crowding in the NCP sample, as
these correlations were of relatively low intensity when com-
pared to most of the remaining 'N-'’C cross-peaks in the
12-mer Watson-Crick DNA duplex sample and the location of
a TN3-AC2 cross-peak falling in a largely overlaid region of
the NCP ZF-TEDOR spectrum.

Discussion

While the majority of bps in duplex DNA adopt the canonical
Watson-Crick conformation, the thermodynamically less stable
Hoogsteen bps can feature prominently, particularly for A-T
pairs, in complexes of DNA with proteins and small molecules,
where they play key roles in DNA recognition, repair, and rep-
lication (2-5, 7-11). However, observation of Hoogsteen bps
poses a significant challenge to traditional structural biology
techniques because, unlike epigenetic modifications, Hoogsteen
bps lack unique chemical groups that may aid in their detection.
As such, unambiguous experimental identification of Hoogsteen
bps in DNA-protein complexes by X-ray crystallography and
cryo-EM methods, even for relatively high-resolution structures, is
hindered by insufficiently clear electron density at specific DNA
sites (14, 15, 57). Solution-state NMR spectroscopy has been
successful in characterizing bp topologies and conformational
dynamics in various DNA sequences. Specifically, multiple pre-
vious studies have unequivocally established in a wide variety of
contexts and sample conditions that, relative to Watson-Crick
bps, Hoogsteen bps are characterized by unique chemical shift
fingerprints in solution NMR spectra. This includes the obser-
vation of Hoogsteen bps in DNA~—protein (56) and DNA-drug
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(45) complexes, in 5SmC epigenetically modified G-5mC bps,
and in damaged A-T and G-C bps (6, 58), across a wide range
of temperature (1), pH (52), and sequence contexts (23), and
even in the context of RNA (59). However, since solution
NMR spectroscopy relies on rapid molecular tumbling, these
experiments aimed at probing bp topologies are severely
restricted by molecular size to relatively small DNA oligonucleo-
tides and generally not applicable to high-molecular-weight
DNA-—protein systems such as nucleosomes, chromatin, or large
complexes of DNA with transcription factors or damage repair
proteins.

The present study establishes DNP-enhanced MAS solid-state
NMR spectroscopy as a viable tool for exploring bp conformations
in nucleic acids and observing Hoogsteen bps in a broad range of
complexes and assemblies of DNA with small molecules and pro-
teins, without any fundamental molecular weight limitations on
the system of interest. It is also noteworthy that in comparison to
analogous solution NMR experiments, DNP solid-state NMR per-
mits virtually all nucleotide ">C and "N chemical shifts to be
readily visualized, thereby increasing by nearly an order of magni-
tude the number of available spectroscopic signatures that can be
accessed for DNA systems. Specifically, we identify several key sig-
natures of Watson-Crick and Hoogsteen bp conformations using a
selectively °C,"°N isotope-labeled model 12-mer DNA duplex,
free and in a complex with the antbiotic echinomycin, that enable
these bp conformers to be dearly distinguished from one another
in solid-state. NMR spectra. These conformational fingerprints
include (1) multple adenine 3C and "N chemical shifts, which
differ on the order of ~3 w0 7 ppm between Watson-Crick and
Hoogsteen bps due to 180° rotation of the base about the glyco-
sidic bond, in particular those associated with directly bonded
AN3-C4, AN7-C8, AN9-C4, and AN9-C8 pairs that yield strong
cross-peaks in unique regions of ’N-'>C solid-state NMR chemi-
cal shift correlation spectra, and (2) characteristic BN-1BC dipolar
coupling-based correlations between the A and T nucleotides mak-
ing up the bp, AN1-TC4/TN3-AC2 and AN7-TC4/TN3-AC8
for Watson-Crick and Hoogsteen bps, respectively, which may be
detectable for DNA systems exhibiting sufficient sensitivity in
DNP solid-state NMR spectra.

Subsequently, we extended this DNP solid-state NMR
approach to evaluate A-T base pairing in the ~200-kDa NCP,
reconstituted with °C,'’N-labeled Widom 601 DNA and
unlabeled histone protein octamer complex. In light of the
ambiguous electron densities observed for a significant fraction
of bps in crystallographic studies of Widom 601 DNA nucleo-
somes (15), the DNP solid-state NMR data indicate that A-T
bps adopt predominantly Watson-Crick conformations and
effectively exclude the possibility of stable Hoogsteen A-T bps,
which provides valuable insights about the nature of DNA
base pairing in this system. Finally, it is worth noting that
these experiments were carried out for an NCP sample con-
taining only ~10 to 15 nanomoles of '>C,'’N-labeled DNA
and thus do not display sufficiently high spectral sensitivity to
permit the detection of isolated A-T Hoogsteen bps present at
low abundance (<10%) relative to the major Watson-Crick
conformer.

When applied to large, uniformly '>C,'’N-labeled DNA
molecules, as exemplified by the NCP experiments in the
present study, the DNP solid-state NMR approach described
herein enables rapid sequence-wide screening for Hoogsteen
bps, but is generally not expected to yield residue specific reso-
lution. Nevertheless, our results bode well for future applications
of this methodology toward the detection of Hoogsteen bps
in a wide range of DNA systems, potentially with site-specific

pnas.org



resolution when combined with targeted nucleotide isotope-
labeling approaches facilitated by the ready availability of seg-
mentally and/or selectively '>C," N-labeled large synthetic DNA
sequences and DNA ligation methods. Immediate future appli-
cations of this methodology that can be readily envisioned
include analogous studies of NCPs and oligonucleosome arrays
reconstituted with various nucleosome positioning DNA
sequences other than Widom 601, aimed at investigating the
possible presence of Hoogsteen bps in eukaryotic genomes
and understanding whether Hoogsteen bps impart unique
functionalities to DNA, as well as studies of other challeng-
ing DNA-protein complexes, such as DNA-p53 tumor
suppressor protein and DNA-TATA box binding protein
complexes, that play important roles in biological function and
mechanism. Finally, we anticipate that ongoing developments of
high and ultrahigh magnetic field DNP solid-state NMR spectros-
copy, combined with continuous improvements in methods for
selective isotope labeling of DNA and preparation of optimal sam-
ples for DNP solid-state NMR studies, may ultimately enable
detection of functionally relevant, low-populated Hoogsteen bps
that exist in dynamic equilibrium with Watson-Crick bps at ambi-
ent temperatures.

Materials and Methods

DNA Duplex Preparation. The 12-mer DNA with sequence 5-ACACG-
TACGTGT-3', containing two echinomycin binding sites at C-G residues (posi-
tions 4 to 5 and 8 to 9), was selectively isotope labeled with "3C,"*N-thymine
and 3C,"*N-adenine at positions 6 and 7, respectively. In the absence of the
antibiotic echinomycin, this sequence forms a DNA duplex with canonical
Watson-Crick base pairing. In the presence of echinomycin in a 2:1 molar
ratio of echinomycin to DNA duplex, the two central AT bps adopt a Hoogs-
teen conformation. For the model Watson-Crick DNA duplex, the 3C,'>N-TA
DNA was dissolved in aqueous solution containing 15 mM sodium phos-
phate, 150 mM NaCl, and 0.1 mM ethylenediaminetetraacetate (EDTA) at pH
6.8 and lyophilized. The lyophilized pellet was redissolved in a solution of
dg,”C-glycerol, and H,0 in a 60:40 vol/vol ratio containing 12 mM AMUPol,
to a ">C,"N-TA DNA duplex concentration of 4.1 mM, and the sample was
freeze-thawed 10 times to remove excess dissolved oxygen. For DNP solid-
state NMR measurements, 23.5 pL of the sample solution was packed into a
3.2-mm Bruker sapphire rotor and sealed with a silicone plug and ceramic
cap. For the model Hoogsteen DNA duplex, the "3C,">N-TA DNA echinomycin
complex was generated as described previously (10), with the addition of
echinomycin before air drying, and the sample for DNP solid-state NMR
measurements containing the '>C,">N-TA DNA duplex at a 2.7-mM concentra-
tion was prepared as described above for the model Watson-Crick DNA duplex
sample.

NCP Preparation. The NCP sample for DNP solid-state NMR studies was pre-
pared as follows based on established protocols (60, 61). Histones H2A, H2B,
H3, and H4 were each expressed in Escherichia coli BL21 (DE3) pLysS cells using
Luria-Bertani medium, harvested and purified using gel filtration and ion-
exchange chromatography in 7 M urea, followed by dialysis against a solution of
2 mM B-mercaptoethanol (BME) in ultrapure water and lyophilized. The histone
octamer was prepared by dissolving the four histones at concentrations of
<10 mg/mL and H2A:H2B:H3:H4 molar ratio of 1.2:1.2:1:1 in unfolding buffer
(20 mM Tris, 7 M guanidine hydrochloride, 10 mM dithiothreitol, pH 7.5),
followed by double dialysis into refolding buffer consisting of 1x TE (10 mM
Tris, 1 mM EDTA, pH 8.0), 2 M NaCl, and 5 mM BME, and purification by gel
filtration chromatography in 1x TE, 2 M NaCl buffer. ">C,"*N-labeled DNA was
prepared by amplifying the pJ201 plasmid containing 32 repeats of the 147-bp
Widom 601 nucleosome positioning sequence in E. coli DH5a using minimal
media containing "*C-glucose and ">NH,Cl as the sole carbon and nitrogen sour-
ces. DNA was purified using Qiagen Giga kits and digested with EcoRV (New
England Biolabs). The fragments corresponding to 147-bp Widom 601 DNA
were separated from the parent plasmid by polyethylene glycol precipitation,
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followed by collection of the superatant and further purification by ethanol pre-
cipitation, and the DNA purity was confirmed using a 1% agarose gel. NCPs
were reconstituted by preparing an aqueous solution in a 0.5x TE, 2 M Nadl,
1 mM benzamidine (BZA) buffer containing histone octamer and ~25% molar
excess of DNA, followed by the removal of NaCl by double dialysis at 4 °C
against a 0.5%-TE, 1-mM BZA buffer. The resulting solution was then concen-
trated to ~2 mg/mL DNA using Amicon 30 kDa cutoff centrifugal filter devices
and purified using a 5 to 30% sucrose gradient in 0.5x TE. The sucrose gradi-
ent fractions were analyzed on a 5% native acrylamide gel, and those contain-
ing pure NCPs were collected and combined. To generate the DNP solid-state
NMR sample, a 3.5-mg/mL NCP solution in 0.5x TE, 100 mM NaCl, 0.1 mM
MgCl, at pH 7.0 was adjusted to a Mg”* concentration of 46 mM, and ultra-
centrifuged at 500,000 x g and 4 °C for 16 h to generate a ~3.25-mg NCP
pellet. The pellet was washed with two 30-uL aliquots of dg,"C-glycerol, and
H,0 in a 60:40 vol/vol ratio containing 12 mM AMUPol and then resuspended
and packed into a 3.2-mm Bruker sapphire rotor and sealed with a silicone
plug and ceramic cap, with the final sample for DNP solid-state NMR containing
~2.5 mg NCP.

DNP Solid-State NMR Spectroscopy. Experiments were performed on a
600-MHz/395 GHz Bruker Avance Ill HD wide-bore DNP solid-state NMR spec-
trometer equipped with a gyrotron and a 3.2-mm HXY low-temperature MAS
(LT-MAS) probe. Samples were spun with cooled N, gas at 10 or 12 kHz
(3 Hz), with temperatures ranging from 99 to 111 K. MW irradiation was applied
continuously for the duration of NMR experiments at the optimal power for AMU-
Pol, 130 mA applied current. Standard "3C and "N CP-MAS solic-state NMR
experiments were used to characterize each sample and measure the DNP
enhancement, epnp = lon/loff = 1, Where |, and Iy are the NMR signal intensities
integrated over the entire spectral window with MWs turned on and off. The DNP
buildup times, tpnp, for each sample were measured from saturation-recovery
experiments; recycle delays were set to 1.256tpyp and were 4.6 s and 4.1 s for
the DNA duplex and NCP samples, respectively. 2D zfiltered ZF-TEDOR experi-
ments were recorded, with dipolar mixing times ranging from 1.33 to 10 ms,
zfilter delays of 250 ps, evolution times of 7 and 30 ms in the indirect ("°N)
and direct ("*C) dimensions, respectively, and SPINAL-64 "H decoupling (62) of
90 and 100 kHz during chemical shift evolution and dipolar transfer periods,
respectively. 2D band-selective TEDOR spectra were recorded with parameters
similar to those used to record the ZF-TEDOR spectra, with 1,167 ps rSNOB (63)
13C 180° refocusing pulses applied at the resonant frequency of TC4 (169 ppm).
2D "*C-3C DARR spectra were recorded with a mixing time of 500 ms, evolution
times of 8.5 and 30 ms in indirect and direct dimensions, respectively, and
SPINAL-64 "H decoupling of 90 kHz. NMR data were processed using NMRPipe
(64) and analyzed using NMRDraw and Sparky (65). "*C and "N chemical shifts
were referenced to adamantane and ammonium chloride external standards,
respectively (66, 67).

Automated Fragmentation Quantum Mechanics/Molecular Mechanics
(QM/MM) calculations. The structural model of the DNA-echinomycin com-
plex with DNA sequence 5-ACGTACGT-3’ was downloaded from the PDB
(https:/fwww.rcsh.org), with PDB accession code 1XVN, in which the tandem A-T
bps at the central 5'-TA step are Hoogsteen bps. The structural model of corre-
sponding naked DNA with the same DNA sequence was generated by 3DNA,
assuming an idealized B-form geometry (50) in which the central tandem A-T
bps are Watson-Crick bps. The automated fragmentation QM/MM approach (68)
was then used to calculate the chemical shifts of all four nucleotides in the cen-
tral tandem AT bps for both the Watson-Crick and Hoogsteen models. The start-
ing structural models were subjected to an initial geometry optimization (53),
and the echinomycin ligands were removed from the coordinates at this stage
for the echinomycin-bound DNA. For both the Watson-Crick and Hoogsteen
models, four quantum fragments centered at each nucleotide of the central tan-
dem AT bps were generated, with 3 to 5 additional neighboring nucleotides
(68). For atoms outside this quantum region, including solvent and ions, we
used point charges distributed on the surface of the quantum region, assum-
ing a Poisson-Boltzmann distribution, to represent their effect by using the
solinprot module of MEAD (69). The dielectric constant, e, was set to 1, 4,
and 80 for quantum fragments, the remaining atoms outside the quantum
regions, and the solvent, respectively. Gauge invariant atomic orbitals
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chemical shift calculations with the OLYP functional with the TZVP basis set
and the GEN-A2* fitting set using the demon-2k program (70) were carried
out as described previously (5).

Data Availability. All of the study data are included in the article and/or
Sl Appendix.
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