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Numerous biological processes and mechanisms depend on details of base
pairing and hydrogen bonding in DNA. Hydrogen bonds are challenging to
quantify by X-ray crystallography and cryo-EM due to difficulty of visualizing
hydrogen atom locations but can be probed with site specificity by NMR
spectroscopy in solution and the solid state with the latter particularly suited to
large, slowly tumbling DNA complexes. Recently, we showed that low-
temperature dynamic nuclear polarization (DNP) enhanced solid-state NMR is
a valuable tool for distinguishing Hoogsteen base pairs (bps) from canonical
Watson-Crick bps in various DNA systems under native-like conditions. Here,
using a model 12-mer DNA duplex containing two central adenine-thymine (A-T)
bps in either Watson-Crick or Hoogsteen confirmation, we demonstrate DNP
solid-state NMR measurements of thymine N3-H3 bond lengths, which are
sensitive to details of N-H.-N hydrogen bonding and permit hydrogen bonds
for the two bp conformers to be systematically compared within the same DNA
sequence context. For this DNA duplex, effectively identical TN3-H3 bond lengths
of 1.055 + 0.011 A and 1.060 + 0.011 A were found for Watson-Crick A-T and
Hoogsteen A (syn)-T base pairs, respectively, relative to a reference amide bond
length of 1.015 + 0.010 A determined for N-acetyl-valine under comparable
experimental conditions. Considering that prior quantum chemical calculations
which account for zero-point motions predict a somewhat longer effective
peptide N-H bond length of 1.041A, in agreement with solution and solid-
state NMR studies of peptides and proteins at ambient temperature, to
facilitate direct comparisons with these earlier studies TN3-H3 bond lengths
for the DNA samples can be readily scaled appropriately to yield 1.083 A and
1.087 A for Watson-Crick A-T and Hoogsteen A (syn)-T bps, respectively, relative
to the 1.041 A reference peptide N-H bond length. Remarkably, in the context of
the model DNA duplex, these results indicate that there are no significant
differences in N-H--N A-T hydrogen bonds between Watson-Crick and
Hoogsteen bp conformers. More generally, high precision measurements of
N-H bond lengths by low-temperature DNP solid-state NMR based methods
are expected to facilitate detailed comparative analysis of hydrogen bonding for a
range of DNA complexes and base pairing environments.
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Introduction

Key biological processes and mechanisms involving DNA,
including transcription and replication, depend on the details of
hydrogen bonding within guanine-cytosine (G-C) and adenine-
thymine (A-T) DNA base pairs (bps) (Goodman, 1997). DNA
bps typically adopt canonical Watson-Crick (WC) conformations,
but can also take on alternate, thermodynamically less stable (by
~3 kcal/mol) Hoogsteen (HG) hydrogen bonding topologies
(Nikolova et al, 2011), obtained by rotating the purine base by
180" around the glycosidic bond. The latter have been shown to exist
transiently in naked double-stranded DNA with lifetimes on the
order of ~0.1-1ms and populations on the order of ~0.1-1%
(Nikolova et al., 2011) and, remarkably, can feature as major bp
conformers at specific sites in complexes of B-DNA with proteins
and drug molecules and in DNA sequences containing damaged
nucleotide bases where they assume key roles in DNA recognition,
damage accommodation, repair and replication (Patikoglou et al.,
1999; Ling et al., 2003; Nair et al., 2004; Cuesta-Seijo and Sheldrick,
2005; Kitayner et al., 2010; Lu et al., 2010; Sathyamoorthy et al., 2017;
Shi et al.,, 2018).

Comprehensive characterization of base pairing and hydrogen
bonding in DNA systems in their native environment presents
considerable difficulties for many experimental techniques. X-ray
crystallography and cryoelectron microscopy typically cannot
directly visualize the locations of hydrogen atoms, precluding
detailed determination of hydrogen bond geometries, and can
also suffer from insufficient electron density at the DNA sites
leading to ambiguity in distinguishing WC and HG bp conformers
(Wang, 2005; Kitayner et al., 2010; Hintze et al., 2017; Shi et al.,
2021); additionally, for certain systems the former may be further
complicated by potential alterations in bp conformation related to
crystal packing (Abrescia et al., 2004). While solution-state NMR
spectroscopy is an exquisite tool for probing DNA bp
conformations based on characteristic chemical shifts (Nikolova
etal, 2011; Shietal, 2018; Xu et al., 2018) and purine-pyrimidine
N-H--N and N-H--O hydrogen bonds via measurements of
internucleotide *Jxn, "Jnm and *"Jyc’ coupling constants
(Dingley and Grzesiek, 1998; Pervushin et al., 1998; Dingley
et al,, 1999; 2000; Majumdar et al., 1999; Kojima et al., 2000;
Barfield et al., 2001; Majumdar and Patel, 2002; Grzesiek et al.,
2004), intranucleotide 'Jyy coupling constants (Dingley et al,
1999; Barfield et al., 2001; Ishikawa et al., 2001; Manalo et al.,
2005), internucleotide ""Dyy residual dipolar couplings (Wu et al.,
2001), and cross-correlated (Chiarparin et al., 2001; Riek, 2001)
and longitudinal (Bytchenkoff and Bodenhausen, 2003) relaxation
rates, application of this methodology to large, slowly tumbling
DNA-protein complexes and assemblies presents significant
challenges. On the other hand, details of base pairing and
hydrogen bonding in such large DNA systems can in principle
be probed by complementary techniques including infrared (IR)
spectroscopy (Stelling et al., 2019; Fick et al., 20215 Peng et al,
2023) and solid-state NMR (DiVerdi and Opella, 1982; Leppert
et al., 2004; Riedel et al., 2005; Sergeyev et al., 2011; Daube et al.,
2019; Conroy et al., 2022), which generally are not hampered by
limitations related to molecular size and, as necessary, can be
combined with isotope labeling of select residues for site-specific
resolution.

Frontiers in Molecular Biosciences

10.3389/fmolb.2023.1286172

Previous studies by others and us (Sergeyev et al., 2011; Wenk
etal., 2015; Wiegand et al., 2017; Jaudzems et al., 2018; Daube et al.,
2019; Conroy et al., 2022; Elathram et al., 2022) have demonstrated
that solid-state NMR enhanced by low-temperature dynamic
nuclear polarization (DNP) (Barnes et al., 2008; Jaudzems et al,
2019) is a particularly useful tool for atomic level characterization of
nucleic acids and their complexes with small molecules and proteins
under native-like conditions. In this context, we have recently shown
that WC and HG bps can be distinguished from one another based
on characteristic *C and "N chemical shifts and internuclear
dipolar couplings determined in DNP solid-state NMR spectra
for DNA-protein complexes as large as the nucleosome core
particle (Conroy et al., 2022). Here we explore the possibility of
gaining additional insights into the details of hydrogen bonding in
DNA systems by using DNP solid-state NMR based methods.

In principle, N-H---N hydrogen bonds for A-T and G-C bps in
""N-enriched DNA systems can be probed via solid-state NMR
measurements of N-N correlations in multidimensional chemical
shift correlation spectra (Leppert et al., 2004; Riedel et al., 2005),
"I coupling constants (Brown et al., 2002; Pham et al., 2007; Joyce
et al,, 2008) and N-H bond lengths (Munowitz et al., 1981; DiVerdi
and Opella, 1982; Roberts et al., 1987; Hohwy et al., 2000; Zhao et al.,
2001b; Song et al., 2001; White and Hong, 2015; Duong et al., 2019).
The latter lengthen exponentially as a function of decreasing N---N
separation (Steiner, 1995; Herschlag and Pinney, 2018) with
variations of up to ca. 0.05 A in N-H bond length predicted for
typical N--N separations that may be encountered within different
DNA bp hydrogen bonding environments (Dingley et al., 1999).
Given the relative simplicity and high precision of solid-state NMR
N-'H bond length measurements in biomolecules enabled by
improved pulse schemes (Hong et al., 1997; Hohwy et al., 2000;
Zhao et al,, 2001b) and further facilitated by significant, ~one to two
orders of magnitude or larger, enhancements in spectral sensitivity
that are afforded by the use of low-temperature DNP technology
(Barnes et al., 2008; Jaudzems et al., 2019) we focus here on the
application of this approach to DNA systems. Specifically, using a
12-mer DNA duplex containing two central *C,"”N-enriched WC
A-T bps that both adopt HG conformations upon binding of the
antibiotic echinomycin (Xu et al., 2018; Conroy et al,, 2022) as a
model system, we systematically compare details of N-H--N
hydrogen bonds for the different A-T base pair conformers
within the same DNA sequence context and explore the potential
of DNP solid-state NMR to be more broadly applicable toward
comparative analysis of hydrogen bonding in different base pairing
environments within a range of large DNA complexes that are
difficult or impossible to probe by solution-state NMR techniques.

Results

Quantitative measurements of thymine N3-H3 bond lengths
were performed for a *C,"’N-6T-7A-labeled 12-mer DNA duplex
with sequence 5'-ACACGTACGTGT-3’, free and in complex with
echinomycin, which features two WC and HG A-T bps in the central
TpA step, respectively (Figure 1) (Gilbert et al., 1989; Macaya et al.,
1991; Xu et al., 2018; Conroy et al., 2022). For brevity, these samples
are referred to here as WC-DNA and HG-DNA. In addition,
"C,"*N-labeled N-acetyl valine (NAV), which contains a single

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1286172

Bhai et al.

10.3389/fmolb.2023.1286172

+ o s
+ o ©

®-—0N
4 - > w

3

© 0O TO9
N> -+ o
o -4 - >» N
a®TOo®

>0
w > — -
NO-®
>

12 11 10

FIGURE 1

C Watson-Crick
- e
CHB e c7
?6 H6 O\\C4—c5 /
c5C8 /

A\\}“ ......... H3-N3 T Ce—H6
c2—-N1_  anti
/7 N,

\3=C2
N3= \HZ g c1

Hoogsteen
i
syn
Y/ /N6 0 — o c7
N1=c§4 N\ /
Hoed A A\ o4-CR
cZ A Y /
(IEANF-EN N3 T ce—He
No__,/ 7]7 ........ H3—
1 —-N1i anti
No—C§ 5 Ner
ci HS °

(A) Secondary structure of 12-mer DNA, containing *C,**N-labeled 6T and 7A residues (red) and 4C-5G and 8C-9G echinomycin binding sites (blue).

The binding of echinomycin (B) to the 12-mer DNA duplex results in formation of two central A-T Hoogsteen base pairs (red). (C, D) DNA duplex
structures with the two central A-T base pairs in Watson-Crick (C) and Hoogsteen (D) conformation highlighted in red and bound echinomycin molecules
in (D) highlighted in blue. The idealized B-DNA structure with Watson-Crick base pairing in (C) was generated using 3DNA (Wijmenga and van
Buuren, 1998) and the DNA structure with central A-T Hoogsteen base pairs in (D) corresponds to the experimental X-ray crystal structure of the
(ACGTACGT), echinomycin complex (PDB entry 1XVN) (Cuesta-Seijo and Sheldrick, 2005). Thymine N3-H3 bonds, which are the main focus of the

present study, are highlighted in bold green.

peptide bond, was used to determine the amide N-H bond length
under comparable experimental conditions including sample
temperature and MAS rate providing an important reference in
the context of the present study as described in detail in the
Discussion section below.

The N-H bond lengths were probed by using the symmetry-
based R18,” pulse sequence (Supplementary Figure S1), which
enables efficient y-encoded recoupling of "N-'H dipolar
interactions with simultaneous 'H-'H decoupling under MAS
(Zhao et al,, 2001a; Levitt, 2008) and has successfully been used
previously to determine "*C/"”N-'H distances as well as relative
orientations of dipolar and chemical shift anisotropy (CSA)
(Zhao et al, 2001a; 2010; 2011;
Mukhopadhyay et al., 2018). Given the well-known sensitivity

tensors Hou et al,
of the dipolar scaling factor for R-symmetry and other
heteronuclear dipolar recoupling sequences to the precise
radiofrequency (rf) field amplitude (Hohwy et al., 2000; Zhao
et al., 2001b; Pandey et al, 2015; Liang et al., 2021), as
illustrated for NAV in Supplementary Figure S2, the R18,” 'H
rf field amplitudes for the WC-DNA, HG-DNA and NAV samples
were set to be effectively identical by matching the complete 'H rf
nutation profiles (Supplementary Figure S3) than
calibrating a single 'H 180° pulse length for each sample. The
use of this approach is critical for minimizing potential systematic
errors/artefacts in N-H bond lengths extracted for different

rather

samples arising from sample-to-sample variations in the R18,’
'"H rf field amplitude (and hence the dipolar scaling factor) as
opposed to genuine structural differences between the samples.
With the above considerations, we proceeded to record site-
resolved ""N-'H dipolar trajectories for the WC-DNA, HG-DNA
and NAV samples by collecting series of "N DNP solid-state NMR
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spectra using the pulse scheme in Supplementary Figure S1 as a
function of increasing R18,” time, Tpp. In Figure 2 and
Supplementary Figure S4, we show the 2D "N-'H dipolar
coupling/"N chemical shift correlation spectra for the WC-DNA
and HG-DNA samples, respectively, which correlate the isotropic
chemical shift for each "N site with the frequency domain ’N-'H
dipolar lineshape corresponding to the appropriate time domain
dipolar trajectory. These spectra clearly show Pake doublet-like '*N-
'H dipolar lineshapes for the two "N sites (TN3 and AN6) with
directly bonded '"H atoms, while the remaining "N sites without
directly bonded "H exhibit singlet-like lineshapes. For the TN3 site
with a single directly bonded 'H the splitting between the doublet
singularities is directly proportional to the magnitude of the
recoupled °N-"H dipolar interaction, while for AN6 the dipolar
spectrum depends on the magnitudes of dipolar couplings between
"*N and the two directly bonded 'H’s as well as the "H-'*N-"H bond
angle which determines the relative orientation of the "N-'H
dipolar tensors (Hohwy et al., 2000).

To compare the TN3-H3 bond lengths for Watson-Crick and
Hoogsteen A-T base pairs in the model 12-mer DNA duplex, we focus
our attention on the '*N-"H dipolar lineshapes for TN3 in the WC-
DNA and HG-DNA spectra (Figures 2C, D). A cursory inspection of
these lineshapes reveals nearly identical splittings between the doublet
singularities indicative of no major variations in the TN3-H3 bond
length as a function of A-T base pair conformation for the model
DNA duplex. Note that the increase in the intensity of the central
“zero-frequency” feature, which is well isolated from the two
singularities and stems from secondary effects including rf
inhomogeneity, spin relaxation, dipolar couplings to distant 'H
atoms and 'H CSA that is also recoupled by the R18,” sequence
along with the ’N-'H dipolar couplings (Supplementary Figure S5)
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(Hohwy et al., 2000; Zhao et al., 2001b; Hou et al., 2011; Pandey et al.,
2015), for TN3 in HG-DNA relative to WC-DNA results from
increased partial spectral overlap with the AN9 singlet in the HG-
DNA sample. To quantify the TN3-H3 bond lengths for the WC-
DNA and HG-DNA samples we fit the experimental ’N-"H dipolar
lineshapes using simulated lineshapes generated for the R18,’
recoupling sequence within the SIMPSON numerical spin
dynamics simulation program (Bak et al, 2000; Tosner et al,
2014). The best-fit simulated "N-"H dipolar lineshapes shown in
Figures 2C, D correspond to TN3-H3 bond lengths of 1.055 + 0.011 A
and 1.060 + 0.011 A for Watson-Crick vs Hoogsteen A-T bps,
respectively, indicating that in the 12-mer DNA duplex samples
investigated in the present study the TN3-H3 bond lengths are
effectively identical within experimental error irrespective of the
base pair conformation. Note that although for each 12-mer DNA
duplex sample these TN3-H3 bond lengths correspond to an average
value for two isotopically labeled A-T bps, the individual TN3-H3
bond lengths are expected to be effectively identical given the
symmetric nature of the DNA duplex in the present study. For
comparison, the "N-'H dipolar lineshape for NAV shown in
Figure 2E clearly displays a larger splitting between the doublet
singularities relative to the DNA duplex samples. The best fit of
this lineshape yields a peptide amide N-H bond length of 1.015 +
0.010 A, which is considerably shorter than the T3 imino N-H bond
lengths within Watson-Crick and Hoogsteen A-T DNA base pairs.

Discussion

The amide N-H bond length of 1.015 + 0.010 A obtained in the
present study for NAV is consistent within experimental error with
the 1.020-1.024 A N-H distances observed for small peptides using
neutron diffraction (Kvick et al., 1977) and the effective N-H bond
length of 1.015 +0.006 A determined for the model protein GB3 using
NMR measurements of residual dipolar couplings (Yao et al., 2008).
Relative to this peptide N-H bond length for NAV, the T3 N-H bond
lengths for A-T bps in the 12-mer DNA duplex samples were found to
be distinctly longer, by ~4-5%. Specifically, as noted above, the TN3-
H3 bond lengths for the WC-DNA and HG-DNA samples were
found to be 1.055 + 0.011 A and 1.060 + 0.011 A, respectively (c.f,
Figure 1), and these values agree reasonably well with the 1.044 A
TN3-H3 distance observed for a Hoogsteen A-T base pair in the
neutron diffraction structure of 9-methyladenine/1-methylthymine
(Frey et al., 1973) as well as with the ~1.04-1.08 A TN3-H3 distances
predicted by DFT for Watson-Crick and Hoogsteen A-T base pairs
with AN1/AN7--TN3 inter-residue separations ranging from 3.0 to
2.6 A (Barfield et al,, 2001).

It is noteworthy, however, that the peptide N-H bond length of
1.015 A obtained for the NAV reference sample in the present study
is shorter than the effective peptide N-H bond length of 1.041 A
predicted by detailed quantum chemistry calculations that take into
account bond vibrations and librations, which due to zero-point
motion are expected to be important even at low temperature (Case,
1999), as well as the experimental vibrationally averaged N-H bond
lengths of 1.041 + 0.006 A determined by NMR measurements of
residual dipolar couplings in ubiquitin (Ottiger and Bax, 1998) and
~1.04-1.06 + 0.065 A determined for several crystalline peptides,
including NAV, by using quantitative separated local field solid-state
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NMR experiments performed with careful calibration of the
multiple-pulse sequence dipolar scaling factor (Roberts et al,
1987). This discrepancy does not affect the conclusions of the
current comparative study, which relates the N-H bond lengths
for the different DNA bp conformers to each other and to a well-
defined reference peptide N-H bond length determined under
comparable  experimental  conditions  including  sample
temperature, MAS rate and R18,” 'H rf field. Nevertheless, to
assess whether the above noted differences in peptide N-H bond
length for NAV result primarily from dependence of the R18,”
dipolar scaling factor on the exact 'H rf field amplitude
(Supplementary Figure S2) or from the fact that the NMR
measurements were performed at a temperature of ~100 K rather
than ambient temperature we compare in Supplementary Figure S6
the '"N-'H dipolar lineshapes for NAV recorded at room
temperature and at 112 K. While these data reveal a slight (~1%)
increase in the effective N-H bond length at room temperature
relative to 112 K, they do not account for the entire difference and
are generally consistent with previous low temperature studies of a
crystalline peptide which did not reveal significant changes in Ca-
Ha bond lengths in the 165-290 K range (Bajaj et al., 2009). This
leads to the overall conclusion that, at least in part, the observed
discrepancy in N-H bond length for NAV is related to the
R18,’
theoretical dipolar scaling factor under the conditions of our study.

experimental dipolar scaling factor exceeding the
To facilitate more direct comparisons of the N-H bond lengths
extracted from experimental ’N-"H dipolar coupling/'*N chemical
shift DNP solid-state NMR correlation spectra to the effective
vibrationally averaged values found in the above noted NMR and
computational studies, the magnitude of the R18,” dipolar scaling
factor can be straightforwardly adjusted in the course of data
analysis—by multiplying all dipolar couplings extracted from
experimental dipolar/chemical shift correlation spectra (c.f.,
Figure 2) by a factor of 0.926 corresponding to the ratio of
dipolar couplings for "N-'H distances of 1.041 A (10,797 Hz)
and 1.015 A (11,659 Hz)—to yield effective N-H bond lengths of
1.041 A for NAV, 1.083 A for WC-DNA and 1.087 A for HG-DNA.
Remarkably, these adjusted TN3-H3 bond lengths for WC and HG
A-T bps in the model 12-mer DNA duplex are still considerably
shorter than the 1.13 A value obtained for WC A-T (and G-C) bps in
B-DNA using early separated local field solid-state NMR
experiments (DiVerdi and Opella, 1982), which most likely were
also affected by the aforementioned issues related to strong
sensitivity of dipolar scaling factor for multiple-pulse
homonuclear decoupling/heteronuclear recoupling sequences to
the exact 'H rf field and/or other experimental parameters.
Irrespective of the exact N-H bond length magnitudes, the key
finding of our comparative analysis is that the TN3-H3 bond lengths
in WC and HG A-T bps are effectively identical within the same
DNA sequence context for the model 12-mer DNA duplex. Given
the expected exponential lengthening of the N-H bond in N-H---N
hydrogen bonds as a function of decreasing N--N separation
(Steiner, 1995; Barfield et al., 2001; Herschlag and Pinney, 2018),
under the assumption of approximately linear N-H--N hydrogen
bonds this result indicates that N--H hydrogen bond lengths in the
WC-DNA and HG-DNA samples are effectively identical. The latter
notion is also supported by the fact that TN3-AN7 distances of

2.85 A observed for the central HG A-T bps in the high-resolution

frontiersin.org


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1286172

Bhai et al.

10.3389/fmolb.2023.1286172

A L . i B : .
4 100 E 100
JLg TN1 €
Qo
o
] 150 g F150 ~
TN3 & E
n
®
9o
£
[}
¥ ol
200o
. 200 R P S ?
. . ; 250 : ; 250 i S S
4 2 0 2 -4 4 0 2 -4 4 2 0 -2 -4

®N-"H Dipolar Coupling (kHz)

FIGURE 2

*N-"H Dipolar Coupling (kHz)

Experimental **N-*H dipolar coupling/**N chemical shift DNP solid-state NMR correlation spectra for WC-DNA (A) and HG-DNA (B) recorded with a
total experiment time of ~120 h per spectrum. Reference *N CP-MAS DNP solid-state NMR spectra for WC-DNA and HG-DNA recorded with
2,048 scans each are shown to the left of each panel. (C—E) Experimental **N-'H dipolar lineshapes (solid lines) and best-fit simulations (dotted lines) for
TN3 sites in WC-DNA (C) and HG-DNA (D) samples (see Supplementary Figure S4 for experimental **N-'H dipolar lineshapes for all °N sites) and the
amide site in NAV used as a reference (E). The vertical dashed lines in (C—E) serve as visual guides. The best-fit simulations were generated within the
SIMPSON software package to yield **N-*H dipolar couplings/bond lengths as follows: WC-DNA: 10,360 + 313 Hz/1.055 + 0.011 A; HG-DNA: 10,232 +
323 Hz/1.060 + 0.011 A; NAV: 11,659 + 325 Hz/1.015 + 0.010 A. Adjusting the value of the R18,” dipolar scaling factor to give an amide peptide N-H bond
length of 1.041 A for NAV, which corresponds to the value predicted by quantum chemistry calculations that take into account zero-point vibrations and
librations (Case, 1999), yields TN3-H3 bond lengths of 1.083 A and 1.087 A for the WC-DNA and HG-DNA samples, respectively (see text for details).

crystal structure of the (ACGTACGT), echinomycin complex
(Cuesta-Seijo and Sheldrick, 2005) match the typical TN3-AN1
distances of 2.81 % 0.05 A for WC bps in high-resolution B-DNA
crystal structures (Dingley et al., 1999). Finally, we note that in
addition to the comparative study of TN3-H3 bond lengths in WC
and HG bps for the model 12-mer DNA duplex investigated herein,
which yields insights about the relative lengths of the associated
AN1/AN7--TH3 hydrogen bonds, the ability of DNP solid-state
NMR based experiments to probe N-H bond lengths in different
DNA environments with precision of ~0.01 A underscores the
general utility of this methodology for detailed comparative
analysis of hydrogen bonding in a broad range of nucleic acid
complexes.

Materials and methods

DNA duplex and NAV samples for solid-
state NMR

Preparation of WC-DNA and HG-DNA samples for DNP
solid-state NMR analysis was described in detail previously
(Conroy et al, 2022). Briefly, the 12-mer DNA sequence 5'-
ACACGTACGTGT-3' was synthesized with uniform "“C,°N
enrichment in positions T6 and A7 (c.f, Figure 1). This
sequence sites for the antibiotic

contains two binding
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echinomycin at positions C4-G5 and C8-G9. In the absence
of echinomycin the sequence forms a canonical Watson-Crick
DNA duplex, while stoichiometric binding of echinomycin in a
2:1 molar ratio results in the formation of two HG bps involving
residues T6 and A7. The "*C,"’N-labeled DNA duplexes, free and in
stoichiometric complex with echinomycin, were prepared as
solutions in dg,'*C-glycerol and H,O in a 60:40 v/v ratio
containing 12mM AMUPol polarizing agent (Sauvée et al,
2013), 15mM sodium phosphate, 150 mM NaCl and 0.1 mM
EDTA at pH 6.8 with DNA duplex concentrations of 4.1 mM
(WC-DNA) and 2.7 mM (HG-DNA). For DNP solid-state NMR
measurements, the solutions with volumes of 23.5 uL containing
~60-100 nanomoles of DNA duplex per sample were transferred to
3.2 mm Bruker sapphire rotors and each rotor was sealed with a
silicone plug and ceramic cap. The reference microcrystalline
C,'*N-labeled NAV sample was described previously (Helmus
et al,, 2008) and packed in a 3.2 mm Bruker zirconia rotor.

Solid-state NMR spectroscopy and
numerical simulations

NMR measurements were performed on a 600 MHz/395 GHz
wide-bore Bruker Avance-IIT DNP solid-state NMR spectrometer
equipped with a gyrotron and a 3.2 mm triple-resonance (HXY)
low-temperature MAS probe. The MAS frequency and sample
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temperature were controlled at 9,921 + 3Hz and 112 + 1K,
respectively, and 130 mA continuous microwave irradiation was
applied during the experiments. Recycle delays of 4.6 s were used for
the WC-DNA and HG-DNA samples, corresponding to 1.256 times
the DNP build-up times determined from saturation-recovery
experiments (Conroy et al, 2022), and a 20 s recycle delay was
used to record the spectra for NAV.

Measurements of ""N-'H dipolar couplings were carried out
using the pulse scheme shown in Supplementary Figure S1, with
parameters similar to those described in an earlier study
(Mukhopadhyay et al, 2018). The R18,’
incremented on the 'H channel during tpp up to a maximum

sequence was

evolution time of ~2 ms, in intervals of 11.2 ps corresponding to
two 180° pulses with ~89.3 kHz rf amplitude and —-70°, +70° phase
alternation; one full cycle of R18,” corresponds to 18 180° pulses
applied with —70°, +70° phase alternation within one rotor period
(Zhao et al., 2001a). The "N-'H dipolar coupling/"’N chemical
shift correlation NMR spectra were recorded in multiple blocks
with ~7 h experiment time each and subsequently combined using
nmrglue (Helmus and Jaroniec, 2013), with each block consisting
of 180 points in the '*N-"H dipolar coupling dimension with R18,”
sequence incremented as described above and 32 scans per point.
Spectra were processed in NMRPipe (Delaglio et al., 1995), and
experimental time-domain '"N-'H dipolar trajectories for
individual "N sites were extracted using nmrglue (Helmus and
Jaroniec, 2013).

The R18,” "N-'H dipolar
transformed in MATLAB

frequency-domain ""N-'H dipolar lineshapes, where for "N

trajectories were Fourier

to generate the corresponding

sites with a single directly bonded 'H the splitting between the
doublet singularities is directly proportional to the *N-'H dipolar
coupling magnitude. These ""N-'H dipolar lineshapes were fit
using the Tcl-based optimization package integrated into the
SIMPSON numerical spin dynamics simulation software (Bak
et al, 2000; Tosner et al., 2014) to extract the "N-'H dipolar
coupling magnitudes with associated uncertainties, which were
subsequently converted to N-H bond lengths and corresponding
uncertainties. In addition to the 'N-'H dipolar coupling and
exponential relaxation, the magnitudes of which were optimized
during the fitting procedure, the SIMPSON simulations also
included 'H CSA with the following parameters for TH3 in
WC-DNA and HG-DNA (6 = 154 ppm, 1 = 0.81) (Czernek,
2001) and HY in NAV (8 = 8.9 ppm, 1 = 0.75) (Hou et al., 2010).

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

References

Abrescia, N. G. A., Cockburn, J. J. B., Grimes, J. M., Sutton, G. C., Diprose, J. M.,
Butcher, S. J, et al. (2004). Insights into assembly from structural analysis of
bacteriophage PRD1. Nature 432, 68-74. doi:10.1038/nature03056

Bajaj, V. S., van der Wel, P. C. A,, and Griffin, R. G. (2009). Observation of a
low-temperature, dynamically driven structural transition in a polypeptide by

Frontiers in Molecular Biosciences

10.3389/fmolb.2023.1286172

Author contributions

LB: Formal Analysis, Investigation, Methodology, Validation,
Writing-original ~ draft.  JT:  Methodology,
editing. DC: Methodology,
Writing-review and editing. YX: Resources, Writing-review and
HA-H:
Supervision, Writing-review and editing. CJ: Conceptualization,

Visualization,
Writing-review and Resources,

editing. Conceptualization,  Funding  acquisition,

Funding acquisition, Project administration, Supervision,

Writing—original draft, Writing-review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by grants from the National Science Foundation
(MCB-2303862 to CJ), National Institutes of Health
(RO1IGM123743 to CJ and RO1GM089846 to HA-H), and the G.
Harold and Leila Y. Mathers Foundation (2832245 to HA-H and CJ).

Acknowledgments

We thank Dr. Ad Bax, Prof. David Case and Prof. Allison
Stelling for insightful discussions and Prof. Tatyana Polenova for
sharing SIMPSON simulation scripts.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmolb.2023.1286172/
full#supplementary-material

solid-state NMR spectroscopy. J. Am. Chem. Soc. 131, 118-128. d0i:10.1021/
ja8045926

Bak, M., Rasmussen, J. T., and Nielsen, N. C. (2000). SIMPSON: a general simulation
program for solid-state NMR spectroscopy. J. Magn. Reson 147, 296-330. doi:10.1006/
jmre.2000.2179

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmolb.2023.1286172/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2023.1286172/full#supplementary-material
https://doi.org/10.1038/nature03056
https://doi.org/10.1021/ja8045926
https://doi.org/10.1021/ja8045926
https://doi.org/10.1006/jmre.2000.2179
https://doi.org/10.1006/jmre.2000.2179
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1286172

Bhai et al.

Barfield, M., Dingley, A. J., Feigon, J., and Grzesiek, S. (2001). A DFT study of the
interresidue dependencies of scalar J-coupling and magnetic shielding in the hydrogen-
bonding regions of a DNA triplex. . Am. Chem. Soc. 123, 4014-4022. doi:10.1021/
72003781¢

Barnes, A. B., Paépe, G., Hu, K.-N., Joo, C.-G., and Bajaj, V. S. (2008). High-field
dynamic nuclear polarization for solid and solution biological NMR. Appl. Magn. Reson
34, 237-263. doi:10.1007/s00723-008-0129-1

Brown, S. P., Pérez-Torralba, M., Sanz, D., Claramunt, R. M., and Emsley, L. (2002).
The direct detection of a hydrogen bond in the solid state by NMR through the
observation of a hydrogen-bond mediated (15)N [bond] (15)N J coupling. J. Am. Chem.
Soc. 124, 1152-1153. doi:10.1021/ja0172262

Bytchenkoff, D., and Bodenhausen, G. (2003). Hydrogen bonds lengths in nucleic
acids estimated from longitudinal nitrogen-15 relaxation. J. Magn. Reson 165, 1-8.
doi:10.1016/s1090-7807(03)00271-4

Case, D. A. (1999). Calculations of NMR dipolar coupling strengths in model
peptides. J. Biomol. NMR 15, 95-102. doi:10.1023/a:1008349812613

Chiarparin, E., Riidisser, S., and Bodenhausen, G. (2001). Hydrogen bonds in RNA
base pairs investigated by cross-correlated relaxation of multiple-quantum coherence in
NMR. Chemphyschem 2, 41-45. doi:10.1002/1439-7641(20010119)2:1<41::AID-
CPHC41>3.0.CO;2-H

Conroy, D. W., Xu, Y., Shi, H., Gonzalez Salguero, N., Purusottam, R. N., Shannon, M.
D., et al. (2022). Probing Watson-Crick and Hoogsteen base pairing in duplex DNA
using dynamic nuclear polarization solid-state NMR spectroscopy. Proc. Natl. Acad. Sci.
U. S. A. 119, €2200681119. doi:10.1073/pnas.2200681119

Cuesta-Seijo, J. A., and Sheldrick, G. M. (2005). Structures of complexes between
echinomycin and duplex DNA. Acta Crystallogr. D. Biol. Crystallogr. 61, 442-448.
doi:10.1107/5090744490500137X

Czernek, J. (2001). An ab initio study of hydrogen bonding effects on the ' Nand ' H
chemical shielding tensors in the Watson-Crick base pairs. J. Phys. Chem. A 105,
1357-1365. doi:10.1021/jp003471g

Daube, D., Vogel, M., Suess, B., and Corzilius, B. (2019). Dynamic nuclear
polarization on a hybridized hammerhead ribozyme: an explorative study of RNA
folding and direct DNP with a paramagnetic metal ion cofactor. Solid State Nucl. Magn.
Reson 101, 21-30. doi:lO.1016/j.ssnmr.2019.04.005

Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeifer, J., and Bax, A. (1995).
NMRPipe: a multidimensional spectral processing system based on UNIX pipes.
J. Biomol. NMR 6, 277-293. doi:10.1007/BF00197809

Dingley, A. J., and Grzesiek, S. (1998). Direct observation of hydrogen bonds in
nucleic acid base pairs by internucleotide * J y couplings. J. Am. Chem. Soc. 120,
8293-8297. doi:10.1021/ja981513x

Dingley, A.]., Masse, J. E., Feigon, J., and Grzesiek, S. (2000). Characterization of the
hydrogen bond network in guanosine quartets by internucleotide 3hJ(NC)’ and
2hJ(NN) scalar couplings. J. Biomol. NMR 16, 279-289. doi:10.1023/a:1008307115641

Dingley, A. J., Masse, J. E., Peterson, R. D., Barfield, M., Feigon, J., and Grzesiek, S.
(1999). Internucleotide scalar couplings across hydrogen bonds in Watson—Crick and
hoogsteen base pairs of a DNA triplex. J. Am. Chem. Soc. 121, 6019-6027. doi:10.1021/
ja9908321

DiVerdi, J. A., and Opella, S. J. (1982). Nitrogen-hydrogen bond lengths in DNA.
J. Am. Chem. Soc. 104, 1761-1762. doi:10.1021/ja00370a063

Duong, N. T, Rossi, F., Makrinich, M., Goldbourt, A., Chierotti, M. R., Gobetto, R.,
et al. (2019). Accurate 'H-"N distance measurements by phase-modulated RESPDOR
at ultra-fast MAS. J. Magn. Reson 308, 106559. doi:10.1016/j.jmr.2019.07.046

Elathram, N., Ackermann, B. E., and Debelouchina, G. T. (2022). DNP-enhanced
solid-state NMR spectroscopy of chromatin polymers. J. Magn. Reson Open 10, 100057.
-11. doi:10.1016/j.jmro.2022.100057

Fick, R. ], Liu, A. Y., Nussbaumer, F., Kreutz, C., Rangadurai, A., Xu, Y., et al. (2021).
Probing the hydrogen-bonding environment of individual bases in DNA duplexes with
isotope-edited infrared spectroscopy. J. Phys. Chem. B 125, 7613-7627. doi:10.1021/acs.
jpeb.1c01351

Frey, M. N., Koetzle, T. F.,, Lehmann, M. S., and Hamilton, W. C. (1973). Precision
neutron diffraction structure determination of protein and nucleic acid components.
XII. A study of hydrogen bonding in the purine-pyrimidine base pair 9-methyladenine -
1-methylthymine. J. Chem. Phys. 59, 915-924. doi:10.1063/1.1680114

Gilbert, D. E., van der Marel, G. A., van Boom, J. H., and Feigon, J. (1989). Unstable
Hoogsteen base pairs adjacent to echinomycin binding sites within a DNA duplex. Proc.
Natl. Acad. Sci. U. S. A. 86, 3006-3010. doi:10.1073/pnas.86.9.3006

Goodman, M. F. (1997). Hydrogen bonding revisited: geometric selection as a
principal determinant of DNA replication fidelity. Proc. Natl. Acad. Sci. U. S. A. 94,
10493-10495. doi:10.1073/pnas.94.20.10493

Grzesiek, S., Cordier, F., Jaravine, V., and Barfield, M. (2004). Insights into
biomolecular hydrogen bonds from hydrogen bond scalar couplings. Prog. Nucl.
Magn. Reson Spectrosc. 45, 275-300. doi:10.1016/j.pnmrs.2004.08.001

Helmus, J. J., and Jaroniec, C. P. (2013). Nmrglue: an open source Python package for
the analysis of multidimensional NMR data. J. Biomol. NMR 55, 355-367. doi:10.1007/
$10858-013-9718-X

Frontiers in Molecular Biosciences

10.3389/fmolb.2023.1286172

Helmus, J. J., Nadaud, P. S., Hofer, N., and Jaroniec, C. P. (2008). Determination of
methyl 13C-15N dipolar couplings in peptides and proteins by three-dimensional and
four-dimensional magic-angle spinning solid-state NMR spectroscopy. J. Chem. Phys.
128, 052314. doi:10.1063/1.2817638

Herschlag, D., and Pinney, M. M. (2018). Hydrogen bonds: simple after all?
Biochemistry 57, 3338-3352. doi:10.1021/acs.biochem.8b00217

Hintze, B. J., Richardson, J. S., and Richardson, D. C. (2017). Mismodeled purines:
implicit alternates and hidden Hoogsteens. Acta Crystallogr. D. Struct. Biol. 73, 852-859.
doi:10.1107/52059798317013729

Hohwy, M., Jaroniec, C. P, Reif, B,, Rienstra, C. M., and Griffin, R. G. (2000). Local
structure and relaxation in solid-state NMR: accurate measurement of amide N-H bond
lengths and H-N-H bond angles. J. Am. Chem. Soc. 122, 3218-3219. doi:10.1021/
29913737

Hong, M., Gross, J. D., Rienstra, C. M., Griffin, R. G., Kumashiro, K. K., and Schmidt-
Rohr, K. (1997). Coupling amplification in 2D MAS NMR and its application to torsion
angle determination in peptides. J. Magn. Reson 129, 85-92. doi:10.1006/jmre.1997.
1242

Hou, G., Byeon, I.-]. L., Ahn, J., Gronenborn, A. M., and Polenova, T. (2011). 1H-13C/
1H-15N heteronuclear dipolar recoupling by R-symmetry sequences under fast magic
angle spinning for dynamics analysis of biological and organic solids. J. Am. Chem. Soc.
133, 18646-18655. doi:10.1021/ja203771a

Hou, G., Paramasivam, S., Byeon, L.-J. L., Gronenborn, A. M., and Polenova, T. (2010).
Determination of relative tensor orientations by y-encoded chemical shift anisotropy/
heteronuclear dipolar coupling 3D NMR spectroscopy in biological solids. Phys. Chem.
Chem. Phys. 12, 14873-14883. doi:10.1039/c0cp00795a

Ishikawa, R., Kojima, C., Ono, A., and Kainosho, M. (2001). Developing model
systems for the NMR study of substituent effects on the N-H---N hydrogen bond in
duplex DNA. Magn. Reson Chem. 39, S159-S165. doi:10.1002/mrc.941

Jaudzems, K., Bertarello, A., Chaudhari, S. R., Pica, A., Cala-De Paepe, D., Barbet-
Massin, E., et al. (2018). Dynamic nuclear polarization-enhanced biomolecular NMR
spectroscopy at high magnetic field with fast magic-angle spinning. Angew. Chem. Int.
Ed. 57, 7458-7462. doi:10.1002/anie.201801016

Jaudzems, K., Polenova, T., Pintacuda, G., Oschkinat, H., and Lesage, A. (2019). DNP
NMR of biomolecular assemblies. J. Struct. Biol. 206, 90-98. doi:10.1016/j.jsb.2018.
09.011

Joyce, S. A, Yates, J. R,, Pickard, C. J., and Brown, S. P. (2008). Density functional
theory calculations of hydrogen-bond-mediated NMR ] coupling in the solid state.
J. Am. Chem. Soc. 130, 12663-12670. d0i:10.1021/ja800419m

Kitayner, M., Rozenberg, H., Rohs, R., Suad, O., Rabinovich, D., Honig, B., et al.
(2010). Diversity in DNA recognition by p53 revealed by crystal structures with
Hoogsteen base pairs. Nat. Struct. Mol. Biol. 17, 423-429. doi:10.1038/nsmb.1800

Kojima, C., Ono, A., and Kainosho, M. (2000). Studies of physicochemical properties
of N-H.N hydrogen bonds in DNA, using selective 15N-labeling and direct 15N 1D
NMR. J. Biomol. NMR 18, 269-277. doi:10.1023/A:1026717101063

Kvick, A., Al-Karaghouli, A. R., and Koetzle, T. F. (1977). Deformation electron
density of a-glycylglycine at 82 K. I. The neutron diffraction study. Acta Crystallogr. B
33, 3796-3801. doi:10.1107/S0567740877012102

Leppert, J., Urbinati, C. R., Hifner, S., Ohlenschléger, O., Swanson, M. S., Gérlach, M.,
et al. (2004). Identification of NH.N hydrogen bonds by magic angle spinning solid state
NMR in a double-stranded RNA associated with myotonic dystrophy. Nucleic Acids Res.
32, 1177-1183. doi:10.1093/nar/gkh288

Levitt, M. H. (2008). Symmetry in the design of NMR multiple-pulse sequences.
J. Chem. Phys. 128, 052205. doi:10.1063/1.2831927

Liang, L., Ji, Y., Zhao, Z., Quinn, C. M., Han, X,, Bao, X,, et al. (2021). Accurate
heteronuclear distance measurements at all magic-angle spinning frequencies in solid-
state NMR spectroscopy. Chem. Sci. 12, 11554-11564. doi:10.1039/d1sc03194e

Ling, H., Boudsocq, F., Plosky, B. S., Woodgate, R., and Yang, W. (2003). Replication
of a cis-syn thymine dimer at atomic resolution. Nature 424, 1083-1087. doi:10.1038/
nature01919

Lu, L, Yi, C, Jian, X., Zheng, G., and He, C. (2010). Structure determination of DNA
methylation lesions N1-meA and N3-meC in duplex DNA using a cross-linked protein-
DNA system. Nucleic Acids Res. 38, 4415-4425. doi:10.1093/nar/gkq129

Macaya, R. F.,, Gilbert, D. E., Malek, S., Sinsheimer, J. S., and Feigon, J. (1991).
Structure and stability of X.G.C mismatches in the third strand of intramolecular
triplexes. Science 254, 270-274. doi:10.1126/science.1925581

Majumdar, A., Kettani, A., and Skripkin, E. (1999). Observation and
measurement of internucleotide 2JNN coupling constants between 15N nuclei
with widely separated chemical shifts. J. Biomol. NMR 14, 67-70. doi:10.1023/A:
1008335502416

Majumdar, A., and Patel, D. J. (2002). Identifying hydrogen bond alignments in
multistranded DNA architectures by NMR. Acc. Chem. Res. 35, 1-11. doi:10.1021/
ar010097+

Manalo, M. N,, Kong, X, and LiWang, A. (2005). 1JNH values show that
NI1.N3 hydrogen bonds are stronger in dsRNA A:U than dsDNA A:T base pairs.
J. Am. Chem. Soc. 127, 17974-17975. d0i:10.1021/ja0558261

frontiersin.org


https://doi.org/10.1021/ja003781c
https://doi.org/10.1021/ja003781c
https://doi.org/10.1007/s00723-008-0129-1
https://doi.org/10.1021/ja0172262
https://doi.org/10.1016/s1090-7807(03)00271-4
https://doi.org/10.1023/a:1008349812613
https://doi.org/10.1002/1439-7641(20010119)2:1<41::AID-CPHC41>3.0.CO;2-H
https://doi.org/10.1002/1439-7641(20010119)2:1<41::AID-CPHC41>3.0.CO;2-H
https://doi.org/10.1073/pnas.2200681119
https://doi.org/10.1107/S090744490500137X
https://doi.org/10.1021/jp003471g
https://doi.org/10.1016/j.ssnmr.2019.04.005
https://doi.org/10.1007/BF00197809
https://doi.org/10.1021/ja981513x
https://doi.org/10.1023/a:1008307115641
https://doi.org/10.1021/ja9908321
https://doi.org/10.1021/ja9908321
https://doi.org/10.1021/ja00370a063
https://doi.org/10.1016/j.jmr.2019.07.046
https://doi.org/10.1016/j.jmro.2022.100057
https://doi.org/10.1021/acs.jpcb.1c01351
https://doi.org/10.1021/acs.jpcb.1c01351
https://doi.org/10.1063/1.1680114
https://doi.org/10.1073/pnas.86.9.3006
https://doi.org/10.1073/pnas.94.20.10493
https://doi.org/10.1016/j.pnmrs.2004.08.001
https://doi.org/10.1007/S10858-013-9718-X
https://doi.org/10.1007/S10858-013-9718-X
https://doi.org/10.1063/1.2817638
https://doi.org/10.1021/acs.biochem.8b00217
https://doi.org/10.1107/S2059798317013729
https://doi.org/10.1021/ja9913737
https://doi.org/10.1021/ja9913737
https://doi.org/10.1006/jmre.1997.1242
https://doi.org/10.1006/jmre.1997.1242
https://doi.org/10.1021/ja203771a
https://doi.org/10.1039/c0cp00795a
https://doi.org/10.1002/mrc.941
https://doi.org/10.1002/anie.201801016
https://doi.org/10.1016/j.jsb.2018.09.011
https://doi.org/10.1016/j.jsb.2018.09.011
https://doi.org/10.1021/ja800419m
https://doi.org/10.1038/nsmb.1800
https://doi.org/10.1023/A:1026717101063
https://doi.org/10.1107/S0567740877012102
https://doi.org/10.1093/nar/gkh288
https://doi.org/10.1063/1.2831927
https://doi.org/10.1039/d1sc03194e
https://doi.org/10.1038/nature01919
https://doi.org/10.1038/nature01919
https://doi.org/10.1093/nar/gkq129
https://doi.org/10.1126/science.1925581
https://doi.org/10.1023/A:1008335502416
https://doi.org/10.1023/A:1008335502416
https://doi.org/10.1021/ar010097+
https://doi.org/10.1021/ar010097+
https://doi.org/10.1021/ja055826l
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1286172

Bhai et al.

Mukhopadhyay, D., Gupta, C., Theint, T., and Jaroniec, C. P. (2018). Peptide bond
conformation in peptides and proteins probed by dipolar coupling-chemical shift tensor
correlation solid-state NMR. J. Magn. Reson 297, 152-160. doi:10.1016/j.jmr.2018.
10.015

Munowitz, M. G., Griffin, R. G., Bodenhausen, G., and Huang, T. H. (1981). Two-
dimensional rotational spin-echo nuclear magnetic resonance in solids: correlation of
chemical shift and dipolar interactions. J. Am. Chem. Soc. 103, 2529-2533. doi:10.1021/
ja004002007

Nair, D. T, Johnson, R. E., Prakash, S., Prakash, L., and Aggarwal, A. K. (2004).
Replication by human DNA polymerase-iota occurs by Hoogsteen base-pairing. Nature
430, 377-380. doi:10.1038/nature02692

Nikolova, E. N., Kim, E., Wise, A. A., O’Brien, P. J., Andricioaei, L., and Al-Hashimi,
H. M. (2011). Transient Hoogsteen base pairs in canonical duplex DNA. Nature 470,
498-502. doi:10.1038/nature09775

Ottiger, M., and Bax, A. (1998). Determination of effective N-H", N-C’, C*-C’, and
Ce-H* effective bond lengths in a protein by NMR in a dilute liquid crystalline phase.
J. Am. Chem. Soc. 120, 12334-12341. doi:10.1021/ja9826791

Pandey, M. K., Malon, M., Ramamoorthy, A., and Nishiyama, Y. (2015). Composite-
180° pulse-based symmetry sequences to recouple proton chemical shift anisotropy
tensors under ultrafast MAS solid-state NMR spectroscopy. J. Magn. Reson 250, 45-54.
doi:10.1016/j.jmr.2014.11.002

Patikoglou, G. A, Kim, J. L., Sun, L., Yang, S. H., Kodadek, T., and Burley, S. K.
(1999). TATA element recognition by the TATA box-binding protein has been
conserved throughout evolution. Genes Dev. 13, 3217-3230. doi:10.1101/gad.13.24.
3217

Peng, H.-C,, Castro, G. L., Karhikeyan, V., Jarrett, A., Katz, M. A,, Hargrove, J. A,
et al. (2023). Measuring the enthalpy of an individual hydrogen bond in a DNA duplex
with nucleobase isotope editing and variable-temperature infrared spectroscopy. J. Phys.
Chem. Lett. 14, 4313-4321. doi:10.1021/acs.jpclett.3c00178

Pervushin, K., Ono, A., Fernandez, C., Szyperski, T., Kainosho, M., and Wiithrich, K.
(1998). NMR scalar couplings across Watson-Crick base pair hydrogen bonds in DNA
observed by transverse relaxation-optimized spectroscopy. Proc. Natl. Acad. Sci. U. S. A.
95, 14147-14151. doi:10.1073/pnas.95.24.14147

Pham, T. N, Griffin, J. M., Masiero, S., Lena, S., Gottarelli, G., Hodgkinson, P., et al.
(2007). Quantifying hydrogen-bonding strength: the measurement of 2hJNN couplings
in self-assembled guanosines by solid-state 15N spin-echo MAS NMR. Phys. Chem.
Chem. Phys. 9, 3416-3423. doi:10.1039/b703513f

Riedel, K., Leppert, J., Ohlenschliger, O., Gorlach, M., and Ramachandran, R.
(2005). Characterisation of hydrogen bonding networks in RNAs via magic angle
spinning solid state NMR spectroscopy. J. Biomol. NMR 31, 331-336. doi:10.1007/
510858-005-1614-6

Riek, R. (2001). Characterization of hydrogen bond lengths in Watson-Crick base
pairs by cross-correlated relaxation. J. Magn. Reson 149, 149-153. doi:10.1006/jmre.
2001.2291

Roberts, J. E., Harbison, G. S., Munowitz, M. G., Herzfeld, J., and Griffin, R. G.
(1987). Measurement of heteronuclear bond distances in polycrystalline solids by
solid-state. NMR techniques. J. Am. Chem. Soc. 109, 4163-4169. doi:10.1021/
72002482006

Sathyamoorthy, B., Shi, H., Zhou, H., Xue, Y., Rangadurai, A., Merriman, D. K., et al.
(2017). Insights into Watson-Crick/Hoogsteen breathing dynamics and damage repair
from the solution structure and dynamic ensemble of DNA duplexes containing m1A.
Nucleic Acids Res. 45, 5586-5601. doi:10.1093/nar/gkx186

Sauvée, C., Rosay, M., Casano, G., Aussenac, F., Weber, R. T., Ouari, O., et al.
(2013). Highly efficient, water-soluble polarizing agents for dynamic nuclear
polarization at high frequency. Angew. Chem. Int. Ed. 52, 10858-10861. doi:10.
1002/anie.201304657

Frontiers in Molecular Biosciences

08

10.3389/fmolb.2023.1286172

Sergeyev, I. V., Day, L. A., Goldbourt, A., and McDermott, A. E. (2011). Chemical
shifts for the unusual DNA structure in Pfl bacteriophage from dynamic-nuclear-
polarization-enhanced solid-state NMR spectroscopy. J. Am. Chem. Soc. 133,
20208-20217. doi:10.1021/ja2043062

Shi, H,, Clay, M. C., Rangadurai, A., Sathyamoorthy, B., Case, D. A., and Al-Hashimi,
H. M. (2018). Atomic structures of excited state A-T Hoogsteen base pairs in duplex
DNA by combining NMR relaxation dispersion, mutagenesis, and chemical shift
calculations. J. Biomol. NMR 70, 229-244. doi:10.1007/s10858-018-0177-2

Shi, H.,, Kimsey, I. J., Gu, S., Liu, H.-F., Pham, U., Schumacher, M. A,, et al. (2021).
Revealing A-T and G-C Hoogsteen base pairs in stressed protein-bound duplex DNA.
Nucleic Acids Res. 49, 12540-12555. doi:10.1093/nar/gkab936

Song, X., Rienstra, C. M., and McDermott, A. E. (2001). N-H bond stretching in
histidine complexes: a solid-state NMR study. Magn. Reson Chem. 39, S30-S36. doi:10.
1002/mrc.956

Steiner, T. (1995). Lengthening of the N-H bond in N-H -+ N hydrogen bonds.
Preliminary structural data and implications of the bond valence concept. J. Chem. Soc.
Chem. Commun. 13, 1331-1332. doi:10.1039/C39950001331

Stelling, A. L., Liu, A. Y., Zeng, W., Salinas, R., Schumacher, M. A., and Al-Hashimi,
H. M. (2019). Infrared spectroscopic observation of a G-C+ hoogsteen base pair in the
DNA:TATA-Box binding protein complex under solution conditions. Angew. Chem.
Int. Ed. Engl. 58, 12010-12013. doi:10.1002/anie.201902693

Tosner, Z., Andersen, R., Stevensson, B., Edén, M., Nielsen, N. C., and Vosegaard, T.
(2014). Computer-intensive simulation of solid-state NMR experiments using
SIMPSON. J. Magn. Reson 246, 79-93. doi:10.1016/j.jmr.2014.07.002

Wang, J. (2005). DNA polymerases: hoogsteen base-pairing in DNA replication?
Nature 437, E6-E7. doi:10.1038/nature04199

Wenk, P., Kaushik, M., Richter, D., Vogel, M., Suess, B., and Corzilius, B. (2015).
Dynamic nuclear polarization of nucleic acid with endogenously bound manganese.
J. Biomol. NMR 63, 97-109. doi:10.1007/s10858-015-9972-1

White, P. B., and Hong, M. (2015). 15N and 1H solid-state NMR investigation of a
canonical low-barrier hydrogen-bond compound: 1,8-bis(dimethylamino)naphthalene.
J. Phys. Chem. B 119, 11581-11589. doi:10.1021/acs.jpcb.5b06171

Wiegand, T., Liao, W.-C., Ong, T. C,, Dépp, A., Cadalbert, R,, Copéret, C., et al.
(2017). Protein-nucleotide contacts in motor proteins detected by DNP-enhanced solid-
state NMR. J. Biomol. NMR 69, 157-164. doi:10.1007/s10858-017-0144-3

Wijmenga, S. S., and van Buuren, B. N. M. (1998). The use of NMR methods for
conformational studies of nucleic acids. Prog. Nucl. Magn. Reson Spectrosc. 32, 287-387.
doi:10.1016/S0079-6565(97)00023-X

Wu, Z., Ono, A, Kainosho, M., and Bax, A. (2001). H.N hydrogen bond lengths in
double stranded DNA from internucleotide dipolar couplings. J. Biomol. NMR 19,
361-365. doi:10.1023/a:1011250219293

Xu, Y., McSally, J., Andricioaei, L., and Al-Hashimi, H. M. (2018). Modulation of
Hoogsteen dynamics on DNA recognition. Nat. Commun. 9, 1473. d0i:10.1038/s41467-
018-03516-1

Yao, L., Vogeli, B., Ying, J., and Bax, A. (2008). NMR determination of amide N-H
equilibrium bond length from concerted dipolar coupling measurements. J. Am. Chem.
Soc. 130, 16518-16520. doi:10.1021/ja805654f

Zhao, X., Edén, M., Levitt, M. H., Cushman, S. W., Eisenberg, E., and Greene, L. E.
(2001a). Expression of auxilin or AP180 inhibits endocytosis by mislocalizing clathrin:
evidence for formation of nascent pits containing AP1 or AP2 but not clathrin. Chem.
Phys. Lett. 342, 353-365. doi:10.1242/jcs.114.2.353

Zhao, X., Sudmeier, J. L., Bachovchin, W. W, and Levitt, M. H. (2001b). Measurement
of NH bond lengths by fast magic-angle spinning solid-state NMR spectroscopy: a new
method for the quantification of hydrogen bonds. J. Am. Chem. Soc. 123, 11097-11098.
doi:10.1021/ja016328p

frontiersin.org


https://doi.org/10.1016/j.jmr.2018.10.015
https://doi.org/10.1016/j.jmr.2018.10.015
https://doi.org/10.1021/ja00400a007
https://doi.org/10.1021/ja00400a007
https://doi.org/10.1038/nature02692
https://doi.org/10.1038/nature09775
https://doi.org/10.1021/ja9826791
https://doi.org/10.1016/j.jmr.2014.11.002
https://doi.org/10.1101/gad.13.24.3217
https://doi.org/10.1101/gad.13.24.3217
https://doi.org/10.1021/acs.jpclett.3c00178
https://doi.org/10.1073/pnas.95.24.14147
https://doi.org/10.1039/b703513f
https://doi.org/10.1007/s10858-005-1614-6
https://doi.org/10.1007/s10858-005-1614-6
https://doi.org/10.1006/jmre.2001.2291
https://doi.org/10.1006/jmre.2001.2291
https://doi.org/10.1021/ja00248a006
https://doi.org/10.1021/ja00248a006
https://doi.org/10.1093/nar/gkx186
https://doi.org/10.1002/anie.201304657
https://doi.org/10.1002/anie.201304657
https://doi.org/10.1021/ja2043062
https://doi.org/10.1007/s10858-018-0177-2
https://doi.org/10.1093/nar/gkab936
https://doi.org/10.1002/mrc.956
https://doi.org/10.1002/mrc.956
https://doi.org/10.1039/C39950001331
https://doi.org/10.1002/anie.201902693
https://doi.org/10.1016/j.jmr.2014.07.002
https://doi.org/10.1038/nature04199
https://doi.org/10.1007/s10858-015-9972-1
https://doi.org/10.1021/acs.jpcb.5b06171
https://doi.org/10.1007/s10858-017-0144-3
https://doi.org/10.1016/S0079-6565(97)00023-X
https://doi.org/10.1023/a:1011250219293
https://doi.org/10.1038/s41467-018-03516-1
https://doi.org/10.1038/s41467-018-03516-1
https://doi.org/10.1021/ja805654f
https://doi.org/10.1242/jcs.114.2.353
https://doi.org/10.1021/ja016328p
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2023.1286172

	Hydrogen bonding in duplex DNA probed by DNP enhanced solid-state NMR N-H bond length measurements
	Introduction
	Results
	Discussion
	Materials and methods
	DNA duplex and NAV samples for solid-state NMR
	Solid-state NMR spectroscopy and numerical simulations

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


