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ABSTRACT
NMR studies of nucleic acids have benefited tremendously from
the discovery of trans-hydrogen-bond scalar coupling constants,
which have enabled direct determination of N-H‚‚‚N and N-H‚‚‚
OdC hydrogen bonds using a combination of 2hJNN-, 4hJNN-, and
3hJNC-based spectroscopy. This is especially true of multistranded
DNA architectures containing intricate hydrogen-bonded networks
mediated primarily through mismatched base pairing, which often
resist identification by posing serious technical, spectroscopic, and
physicochemical challenges. In this Account, we present a suite of
NMR pulse sequences that have been developed in our laboratory
to address these issues. We demonstrate the utility of these
methods for identifying hydrogen bonds in two quadruplex DNA
structures, containing triad, tetrad, and hexad motifs involving
Watson-Crick, G‚G and sheared G‚A mismatch base pairing.

Introduction
The polymorphic nature of DNA1 manifests itself in a
variety of multistranded architectures that depart from
canonical B-DNA structures, mostly in purine-rich se-
quences. These include triplexes, quadruplexes and junc-
tions, parallel DNA, and i-motifs, exhibiting a wide range
of strand directionalities and mismatch base-pairing
alignments (reviewed in ref 2). Such architectures, espe-

cially quadruplexes, have been implicated in various
biological processes involving telomere and centromere
function2,3-6 replication, transcription, and recombina-
tion,7 and in triplet-repeat disease sequences,2 thereby
providing new insights into nucleic acid structure-func-
tion relationships, and carrying potential applications in
therapeutics. In our laboratory, considerable effort has
gone into identifying such higher order DNA structures
in purine-rich sequences.2

The global folds and topologies of higher-order nucleic
acid structures are dictated to a large extent by an intricate
network of hydrogen bonds, resulting in the formation of
diverse structural elements or motifs. Unambiguous iden-
tification of these hydrogen-bonded networks is, therefore,
a critical component in the structure determination of
multistranded DNA. Conventional NMR spectroscopy has
relied heavily on indirect lines of evidence derived from
properties of hydrogen-bonded protons, such as changes
in chemical shifts, chemical exchange rates, and NOEs,
all of which are susceptible to errors in interpretation.
Recently, this scenario was dramatically altered by a
landmark discoverysmade nearly simultaneously by the
groups of Grzesiek8 and Wüthrich9swherein it was showed
that in 15N-labeled nucleic acids, an Nd-H‚‚‚Na hydrogen
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bond is characterized by a scalar coupling constant
(2hJNdNa) between the donor (Nd) and acceptor nitrogens
(Na). Although scalar couplings across hydrogen bonds
had been observed previously in proteins in other con-
texts10,11 and other molecules,12 this discovery was the first
of its kind in nucleic acids. Subsequently, several other
such trans-hydrogen bond couplings have been discov-
ered (see refs 13-16 and references therein); those
relevant for nucleic acids being the one-bond 1hJHNa

couplings across Nd-H‚‚‚Na bonds,9,17 4hJNdNa couplings
across Nd-H‚‚‚OdC-Na bonds,18 and 3hJNC′ couplings
between the donor nitrogen and acceptor carbonyl carbon
across Nd-H‚‚‚OdC′ hydrogen bonds19 in 15N/13C-labeled
nucleic acids. Intermolecular trans-hydrogen bond cou-
plings have also been reported, such as 2hJNN couplings
across N-H‚‚‚N hydrogen bonds between arginine side
chains and guanine bases in peptide-RNA complexes20

and 3hJNP/2hJHP couplings across N-H‚‚‚O-P hydrogen
bonds between phosphate and amide groups in nucleo-
tide-protein complexes.21,22 By providing direct evidence
for the presence of hydrogen bonds in nucleic acids and
their complexes, these discoveries have tremendously
impacted NMR studies of nucleic acids. The 2hJNN scalar
couplings are the largest (2-11 Hz) and, therefore, most
easily detected by modern NMR techniques. The 1hJHN

(<4 Hz), 4hJNN, and 3hJNC′ couplings (<0.2 Hz) are consider-
ably smaller, and therefore, 2hJNN-correlated spectroscopy
has become the method of choice for exploring hydrogen-
bonded networks in nucleic acids.

Since the discovery of trans-hydrogen-bond coupling
constants, a number of successful applications to nucleic
acid structure and dynamics have appeared in the
literature,17-42,47,51 including significant developments in
methodology17-22,31-42,50 and quantum-chemical calcu-
lations12,43-46 relating these coupling constants to hydrogen
bond lengths and bond angles (for comprehensive re-
views, see refs 13-16). In our laboratory, we have focused
primarily on the determination of novel structural motifs
in multistranded DNA quadruplexes, including triads,26

tetrads,25,27,47 pentads,47 and hexads.25 In the process, a
number of serious problems were encountered: inefficient
NMR magnetization transfer across Nd-H‚‚‚Na bonds as
a result of a wide separation of Nd and Na chemical shifts
and small 4hJNN coupling constants across N-H‚‚‚OdC-N
bonds; extinction of hydrogen-bonded proton resonances
as a result of exchange broadening effects and problems
associated with assignment of acceptor nitrogens (Na) due
to poor spectroscopic dispersion of these nuclei.

In this Account, we review the development of NMR
methodology in our laboratory toward the study of mul-
tistranded DNA quadruplex architectures. The purpose is
2-fold: (a) to demonstrate the use of 2hJNN-spectroscopy-
based protocols for unambiguous identification of hydro-
gen bonding networks within the motifs contained in
these structures and (b) to highlight the NMR methodol-
ogy designed to address the above-mentioned problems
that arose in the process. We use two quadruplex DNA
architectures, a G‚(C-A) triad containing dimer and a

four-stranded, A‚(G‚G‚G‚G)‚A hexad-containing tetramer,
to illustrate applications as well as methodology.

Structures and Motifs. Figures 1 and 2 show two DNA
systems whose structures have recently been determined
in our laboratory, each possessing unique hydrogen-
bonded motifs. The molecule in Figure 1a, d(G1G2G3T4T5-
C6A7G8G9) (“the triad system”, mol wt ∼ 6 kDa),26 is a
2-fold symmetric G quadruplex consisting of G1‚G2‚G8‚
G9 tetrads (Figure 1c) sandwiched between G3‚(C6-A7)
triads (Figure 1b). Figure 2a shows a four-stranded
architecture d(G1C2G3G4A5G6G7A8T9) (“the hexad system”,
mol wt ∼ 11 kDa) consisting of stacked G4‚G7‚G4‚G7
tetrads (Figure 2b), G1‚C2‚G1‚C2 tetrads (Figure 2c), and
a novel motif, the A5‚(G3‚G6‚G3‚G6)‚A5 hexad25 (Figure
2d). It is clear that the structural motifs in these systems
are held together primarily by G‚G and sheared G‚A
mismatch alignments via N-H2‚‚‚N-type hydrogen bonds
involving amino protons. Three distinct categories of
hydrogen bonds are recognized: (a) Watson-Crick (G)-
N1H1‚‚‚N3(C), (b) (A)N6H2‚‚‚N3(G), and (c) (A/G)NH2‚‚‚
N7(A/G). We use these two systems to illustrate the
experimental protocols that were developed to identify
these hydrogen bonds in 13C/15N-labeled samples48 in
order to reveal the relevant structural motifs. Detailed
descriptions of all NMR methodology described here may
be found in refs 8, 18, 31, 33, 37, and 50. Conceptual
aspects of 2hJNN spectroscopy are discussed in detail in the
review by Dingley et al.13

The Triad System. The key motif in this system is the
G3‚(C6-A7) triad,28 consisting of Watson-Crick pairing
between G3 and C6, and sheared G3‚A7 mismatch align-
ment between G3 and A7 via (A7)N6H2‚‚‚G3(N3) and
(G3)N2H2‚‚‚N7(A7) hydrogen bonds (Figure 1b). The
G1‚G2‚G8‚G9 tetrad is composed of Watson-Crick to
Hoogsteen edge alignments between adjacent guanines,
involving (Gp)N2H2‚‚‚N7(Gq) hydrogen bonds (Figure 1c).

HNN-COSY. The Watson-Crick G3‚C6 base pair in the
triad is easily identified from an HNN-COSY spectrum
(Figure 3a) in which NMR magnetization transfer takes
place as follows: H1(G)fN1(G)fN3(C,t1)fN1fH1(t2). In
the final spectrum, the H1 (imino) proton of G3 shows
two correlations: an auto peak to the directly bonded,
donor N1 nitrogen of G3 and a cross peak (of opposite
sign) to the acceptor N3 nitrogen of C6, mediated by the
2hJN1N3 coupling between N1(G3) and N3(C6). The imino
protons of the guanine bases belonging to the G1‚G2‚G8‚G9
tetrad (Figure 1c) do not exhibit similar cross peaks,
because they are hydrogen bonded to CdO groups rather
than to nitrogen.

HN(N)-TOCSY and H(N)CO-(NN)-TOCSY. To identify
the N1p-H1p‚‚‚OdC6q-N1q connectivities within the G1‚
G2‚G8‚G9 tetrad, we developed pulse sequences based on
magnetization transfer between the N1p and N1q nitrogens
via the small (<0.15 Hz), four-bond 4hJNpNq coupling.18

These experiments, based on efficient 15N-15N magnetiza-
tion transfer via band-selective isotropic mixing,53,54 are
suitable for correlating 15N nuclei, which are very close in
frequency and correlated via small couplings. The HN-
(N)-TOCSY experiment18 yields correlations between (N1p)-
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H1p protons and N1q nitrogens, but the complementary
CP-H(N)CO-(NN)-TOCSY experiment18 includes additional
band-selective 15N-13C cross-polarization periods to yield
correlations between (N1p)H1p protons and C6q carbons.
The HN(N)-TOCSY and CP-H(N)CO-(NN)-TOCSY spectra
of the triad system are shown in Figure 3b, and 3c,
respectively, demonstrating auto and sequential connec-
tivities between imino protons and trans-hydrogen-bond
nitrogens (Figure 3b) and carbons (Figure 3c) within the
G1‚G2‚G8‚G9 tetrad. Note that the degeneracy of the N1
chemical shifts of G8 and G9, which prevents identifica-
tion of the G8:G9 connectivity from the HN(N)-TOCSY
spectrum, is lifted in the CP-H(N)CO-(NN)-TOCSY spec-
trum, which clearly establishes this linkage. On the other
hand, the G2:G8 correlation, which is easily observable
in the HN(N)-TOCSY spectrum, is not observable in the
CP-H(N)CO-(NN)-TOCSY spectrum, owing to degeneracy
of the C6 carbons of G2 and G8. Clearly, the two experi-
ments bear a complementary relationship. Recently, Ding-
ley et al.19 obtained correlations between (N1p) H1p

protons and C6q carbons via 3hJNpCq couplings (<0.2 Hz)
between N1p nitrogens and C6q carbons using long-range
HNCO experiments. As a result of the rather small value
of the 4hJNpNq and 3hJNpCq coupling constants, the success
of these experiments is likely to be restricted to medium-
sized molecules (<10 kD) using present day technology.
In addition, these experiments require doubly (15N/13C)-
labeled samples, whereas the HNN-COSY and soft-HNN-
COSY (see below) sequences require only 15N-labeled
samples.

Soft HNN-COSY. The remaining hydrogen bonds in the
triad system consist of mismatch alignments involving
NH2 protons in the (A7)N6H2‚‚‚G3(N3) and (G3)N2H2‚‚‚
N7(A7) hydrogen bonds within the sheared G3‚A7 mis-
match in the triad and the (Gp)N2H2‚‚‚N7(Gq) alignments
within the tetrad. The (A7)N6H2‚‚‚G3(N3) hydrogen bond
is easily obtained from an HNN-COSY spectrum (Figure
4a) in which two pairs of correlations are observed: the
intraresidue N2H2(G3,ω2):N3(G3,ω1) cross peaks and the
trans-hydrogen bond N6H2(A7,ω2):N3(G3,ω1) cross peaks

FIGURE 1. (a) Schematic representation of the dimeric DNA quadruplex d(GGGTTCAGG),26 (b) the G3‚(C6-A7) triad consisting of Watson-
Crick G3-C6 and sheared G3‚A7 alignments, and (c) the G1‚G2‚G8‚G9 tetrad composed of Watson-Crick to Hoogsteen edge alignments of
adjacent guanines.
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mediated via the 2hJN6N3 coupling (∼4 Hz). However,
observation of the 2hJN2N7-mediated N2H2(G3,ω2):N7(A7,ω1)
cross peak in the triad and the N2H2(Gp,ω2):N7(Gq,ω1)
cross peaks in the G1‚G2‚G8‚G9 tetrad proved to be nearly
impossible using a straightforward application of the
HNN-COSY experiment because of technical difficulties
in achieving efficient magnetization transfer between the
amino and N7 nitrogens, which have a large chemical shift
separation (150-160 ppm). To address this issue, a new
method, the soft HNN-COSY, was developed,31 which
makes use of selective 15N pulses. This sequence was first
applied in our laboratory for detecting NH2:N7 cross peaks
in A‚A mismatches24,31 and was subsequently improved
upon by Dingley et al.19 to allow detection of both auto-
and cross peaks. In the soft HNN-COSY spectrum of the
triad system recorded at 0 °C (Figure 4b), the N2H2(G3,ω2):
N7(A7,ω1) cross peaks are clearly seen, thereby completing
the identification of the sheared G3‚A7 mismatch and,
consequently, the complete validation of the G‚(C-A)
triad.

Figure 4b shows two additional cross peaks, mediated
via 2hJN2N7 couplings (6-8 Hz): N2H2(G9,ω2):N7(G1,ω1) and

N2H2(G8,ω2):N7(G9,ω1), which identify two of the four
NH2‚‚‚N7 hydrogen bonds contained within the G1‚G2‚
G8‚G9 tetrad. However, the remaining two correlations,
the N2H2(G1):N7(G2) and N2H2(G2):N7(G8) cross peaks,
are absent. This is a consequence of a common problem
in nucleic acids NMR, namely, exchange broadening.

Exchange Broadening. Exchange broadening of hydro-
gen-bonded protons beyond detection limits represents
a serious impediment to HNN-COSY-type experiments.
Imino protons are exchange-broadened as a result of
chemical exchange with solvent and hydrogen bond
breathing motions.35 The intrinsically slower exchanging
amino protons are often broadened more severely than
imino protons because of rotations about the exocyclic
C-N bond on an intermediate NMR time scale, even at
temperatures as low as 0 °C. This situation may be
remedied by recognizing that the 2hJNN scalar coupling
involves the donor and acceptor nitrogens but not the
hydrogen bonded proton(s). Consequently, we have de-
veloped a series of experiments geared toward detecting
Nd-Hn‚‚‚Na hydrogen bonds via nonexchangeable pro-
tons, an approach first used by Hennig and Geierstanger32

FIGURE 2. (a) Schematic representation of the tetrameric DNA quadruplex d(GCGGAGGAT), (b) the G1‚C2‚G1‚C2 tetrad composed of dimerization
of Watson-Crick G1-C2 pairs along their major groove edges, (c) the G4‚G7‚G4‚G7 tetrad, and (d) the A5‚(G3‚G6‚G3‚G6)‚A5 hexad composed
of a G3‚G6‚G3‚G6 tetrad core and a sheared G3‚A5 mismatch.
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in proteins. We illustrate applications of nonexchangeable
2hJNN spectroscopy to identify G‚G and sheared G‚A
mismatches using the hexad system below as a case study.

The Hexad System. H(CN)N(H). From Figure 2a-d, it
is evident that the hexad system consists of an intricate
network of hydrogen bonds. With the exception of the
G-C Watson-Crick base pair in the G1‚C2‚G1‚C2 tetrad,
all other hydrogen bonds involve amino protons. Apart
from C2, all amino protons were exchange-broadened
beyond detectable limits, even at 0 °C. As a result, only
the G1‚C2‚G1‚C2 tetrad could be unambiguously identified
from N1H1(G1,ω2):N3(C2,ω1) and N4H2(C2,ω2):N7(G1,ω1)
cross peaks in HNN-COSY and soft HNN-COSY spectra,
respectively; however, the G4‚G7‚G4‚G7 tetrad and the
A5‚(G3‚G6‚G3‚G6)‚A5 hexad were completely inaccessible
by these approaches. To identify these motifs, we devel-
oped the H(CN)N(H) experiment,33 which is applicable to
H-C-Na‚‚‚Hn-Nd or H-C-Nd-Hn‚‚‚Na networks, in
which the nonexchangeable proton H is correlated with
Na/Nd via the magnetization transfer pathway HfNa/df

Nd/a(t1)fNa/dfH(t2) (Figure 5, lower right). The HfNa/d

and NafNd transfers are mediated via the long range
2JHNa/d and 2hJNdNa couplings, respectively. Trans-hydrogen-
bond correlations are possible regardless of the exchange-
broadened state of the hydrogen-bonded proton(s). These
experiments are readily carried out in D2O solution, since
the deuterium isotope effect on the 2hJNN coupling has
been determined to be only ∼0.2 Hz.36 Moreover, depend-
ing on the stability of the hydrogen bond, experiments
may be performed at higher temperatures than for HNN-

COSY type of spectra, especially when amino protons are
involved. Finally, by correlating a set of nuclei different
from that in HNN-COSY experiments, complementary
information is made available that may resolve ambigu-
ities in HNN-COSY spectra. The H(CN)N(H) sequence was
originally demonstrated on two other hexad/tetrad-
containing quaduplexes25,33 in which the key amino
protons were observable, and therefore, most of the
critical information was already available from soft HNN-
COSY spectra. In those contexts, therefore, the H(CN)N-
(H) largely played the role of augmenting the soft HNN-
COSY data. For the hexad system discussed here, however,
the H(CN)N(H) spectrum was the only means of identify-
ing the G4‚G7‚G4‚G7 tetrad and A5‚(G3‚G6‚G3‚G6)‚A5
hexad units. Figure 5 shows the H8(C8N7)N(H) spectrum
of the hexad system in D2O buffer at 20 °C, from which
almost all of the relevant hydrogen bonds in both the
tetrads and also the hexad motif may be identified. For
example, the H8(G4,ω2):N2(G7,ω1) and H8(G7,ω2):N2-
(G4,ω1) cross peaks together establish the presence of the
(G7)NH2‚‚‚N7(G4) and (G4)NH2‚‚‚N7(G7) hydrogen bonds,
respectively, within the G4‚G7‚G4‚G7 tetrad element.
Similarly, the H8(G1,ω2):N4(C2,ω1) cross peak within the
G1‚C2‚G1‚C2 tetrad identifies the (C2)N4H2‚‚‚N7(G1) link-
age, and the H8(G3,ω2):N2(G6,ω1) and H8(G6,ω2):N2-
(G3,ω1) cross peaks identify the G3‚G6‚G3‚G6 component
of the hexad. The key signatures of hexad formation,
namely, hydrogen bonds between the amino protons of
G3 and the N7 nitrogens of A5 and G6, are established
via the H8(A5,ω2):N2(G3,ω1) and H8(G6,ω2):N2(G3,ω1)

FIGURE 3. 2hJNN- and 4hJNN-correlated spectra to identify hydrogen bonds involving guanine imino protons in the triad and tetrad motifs
within the triad system (20 °C). (a) HNN-COSY spectrum showing (G3)H1:N1(G3) auto- and 2hJNN-mediated (G3)H1:N3(C6) cross peaks, establishing
the G3-C6 Watson-Crick base pair within the G3‚(C6-A7) triad. (b) the HN(N)-TOCSY spectrum18 showing (Gp)H1:N1(Gp) auto- and (Gp)-
H1:N1(Gq) cross peaks mediated via 4hJNN couplings, establishing the (Gp)Np-H‚‚‚OdCq′-Nq(Gq) connectivities within the G1‚G2‚G8‚G9
tetrad. The auto peaks are labeled with the identities of individual guanines, and (Gp)H1:N1(Gq) cross peaks are labeled p:q. (c) The CP-
H(N)CO-(NN)-TOCSY spectrum18 showing (Gp)H1:C6(Gp) auto- and 4hJNN-mediated (Gp)H1:C6(Gq) cross peaks, with the same labeling scheme
as in b.
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cross peaks. The relative intensities of the two cross peaks
reflect differences in the respective 2hJN2N7 couplings
arising from differences in geometry, dynamics, or both
between the G3‚G6 and G3‚A5 alignments.

H2N6N3 and (N)H6N6N3H2. Despite its usefulness, the
H(CN)N(H) experiment does not yield one vital cross peak
in the hexad system, namely, the correlation across the
(A5)N6H2‚‚‚N3(G3) hydrogen bond. In contrast to the triad
system, severe exchange-broadening of the A5 amino
protons prevents the (A5)N6H2:N3(G3) correlation from
being observed in an HNN-COSY spectrum. Neither does
the H(CN)N(H) spectrum report on this correlation,
because the most suitable nonexchangeable proton,
namely, H2 of A5, is situated remotely from the hydrogen
bond; however, for complete validation of the hexad motif,
it is critical to verify the existence of the (A5)N6H2‚‚‚
N3(G3) connectivity. For this purpose, we developed two
experiments37 to correlate the adenine H2 proton with the
guanine N3 nitrogen via the 2hJN6N3 coupling (3-4 Hz) in
uniformly 15N/13C-labeled samples: the “out-and-back”

H2N6N3 and the “straight-through” (H6)N6N3H2 se-
quences. The H2N6N3 sequence follows the H2fC6f

N6fN3(t1)fN6fC6fH2(t2) magnetization transfer path-
way (Figure 6a) and is most sensitive when recorded in
D2O solution in the presence of 2H decoupling during the
N6TN3 transfer steps. The (H6)N6N3H2 sequence, for
samples in H2O solution, is shorter and follows the
H6fN6fN3(t1)fN6fC6fH2(t2) pathway (Figure 6b).
This sequence depends critically on the efficiency of the
H6fN6 step, which needs to be accomplished using spin-
locking sequences to minimize exchange-broadening ef-
fects. The triad system serves as a good test system for
demonstrating these techniques, since the N6H2 protons
of A7 (and N2H2 of G3) are clearly observable, and
therefore, the sheared A7‚G3 mismatch is readily estab-
lished using a combination of HNN-COSY (Figure 4a) and
soft HNN-COSY (Figure 4b) spectra. H2N6N3 and (H6)-
N6N3H2 spectra recorded on samples of the triad system
in D2O and H2O buffer are shown in Figure 6c and d,
respectively. They are identical in information content and

FIGURE 4. 2hJNN correlated spectra recorded on the triad system (0 °C) for identifying mismatch alignments involving amino protons in the
triad and tetrad motifs (Figure 1). (a) HNN-COSY spectrum showing intranucleotide N2H2(G3,ω2):N3(G3,ω1) (auto) and internucleotide N6H2-
(A7,ω2):N3(G3,ω1) (cross) peaks, establishing the (A7)N6H2‚‚‚G3(N3) hydrogen bond in the sheared G3‚A7 mismatch within the triad. (b) Soft
HNN-COSY spectrum showing the N2H2(G3,ω2):N7(A7,ω1) cross peak establishing the (G3)N2H2‚‚‚N7(A7) linkage within the triad and N2H2-
(Gp,ω2):N7(Gq,ω1) cross peaks identifying two of the four (Gp)N2H2‚‚‚N7(Gq) connectivities within the tetrad. (p)NH2‚‚‚N7(q) cross peaks
between nucleotides p and q are labeled p:q. The peaks marked with an asterisk (*) are folded intranucleotide N4H2:N3 cross peaks from C6.
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differ only in magnetization transfer pathways. In both
spectra, the H2 proton of A7 shows an H2(A7,ω2):
N6(A7,ω1) auto peak to the intraresidue amino N6 nitro-
gen, and a H2(A7,ω2):N3(G3,ω1) cross peak to the N3
nitrogen of G3, mediated via the 2hJN6N3 coupling constant.

These sequences were then applied to the hexad
system. Figure 6e shows an H2N6N3 spectrum in which
the (A5)N6H2‚‚‚N3(G3) connectivity is established through
an internucleotide (A5)H2:N3(G3) cross peak, in addition
to an intranucleotide (A5)H2:N6(A5) auto peak. On the
other hand, the H2 proton of A8, which is not involved in
sheared G‚A base pairing, shows only the (A8)H2:N6(A8)
auto peak. The H2N6N3 and (H6)N6N3H2 sequences
thereby act as useful companion techniques to the
H(CN)N(H) sequence under exchange-broadening condi-
tions. It must be noted that the H2N6N3 and (H6)N6N3H2
sequences require the sample to be 13C/15N-labeled,
whereas the H(CN)N(H) experiment may be performed
on 15N-labeled samples alone. In that sense, the H(CN)N-
(H) sequence should be more appropriately called H(N)N
and the H2N6N3 and (H6)N6N3H2 sequences, H2(C6)-
N6N3 and (H6)N6(C6)N3H2, respectively.

Since N-H2‚‚‚N hydrogen bonds are ubiquitous in
higher-order DNA structures, our efforts have largely

focused on hydrogen bonds involving exchange-broad-
ened amino protons. The groups of Williamson34 and
Marino35 have independently reported elegant applica-
tions of the same principle for detecting structural and
dynamical aspects of hydrogen bonds in RNA in the
absence of detectable imino protons.

1H-1H Correlations across Hydrogen Bonds. One of the
inherent problems of 2hJNN-COSY experiments is that the
receptor nitrogen needs to be assigned in order to
unambiguously identify the hydrogen bond. For many
situations, this is a nontrivial task that is further compli-
cated by the generally poor dispersion of (Na,Nd) reso-
nances. We recently addressed these problems by devel-
oping pulse sequences to obtain direct, inter-nucleotide
correlations between protons in uniformly 13C/15N-labeled
nucleic acids containing Nd-H‚‚‚Na hydrogen bonds.50,51

These sequences correlate H5(C) with H1(G) protons in
G-C Watson-Crick, H2(A) with H3(T/U) protons in A-(T/
U) Watson-Crick and H8(G/A) with exchangeable protons
in various G‚G and G‚A mismatch base pairs. Under
nonexchange broadening conditions, these 1H-1H con-
nectivities circumvent the need for independent assign-
ment of the donor/acceptor nitrogen and related degen-
eracy issues associated with the poorly dispersed nitrogen

FIGURE 5. H(CN)N(H) spectrum of the hexad system (20 °C) showing H8(G,ω2):N2(G,ω1), H8(G,ω2):N4(C,ω1), and H8(A,ω2):N2(G,ω1) cross
peaks to identify NH2‚‚‚N7 hydrogen bonds within the tetrad and hexad motifs (shown above with the correlated nuclei indicated with gray
circles) in the absence of detectable amino protons. The magnetization transfer pathway is indicated at bottom right. Two intranucleotide
cross peaks, H2(A5/A8,ω2):N6(A5/A8,ω1), are also observed.
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resonances. Here, we illustrate application of these tech-
niques to NH2‚‚‚N7 hydrogen bonds in G‚G and sheared
G‚A mismatches.

The H(NN)H Experiment. Complete identification of
NH2‚‚‚N7 hydrogen bonds from a soft HNN-COSY experi-
ment is not possible until the N7 resonances are assigned
independently, usually via H8-N7 correlations. Unfortu-
nately, the dispersion of N7 nitrogens is usually poor,

resulting in considerable degeneracy problems in the 15N
dimension. For example, it can be seen from Figure 4b
that the N7 nitrogens of G1 and A7 are nearly degenerate,
even in a relatively small system, such as the triad. In
larger systems, this situation is likely to be further ag-
gravated. To remedy this problem, we have developed an
H(NN)H class of experiments which, under nonexchange
broadening conditions, directly correlates (G/A/C) amino

FIGURE 6. Spectra for identifying (A)N6H2‚‚‚N3(G) hydrogen bonds in sheared G‚A mismatch alignments using the nonexchangeable H2
proton of adenine for detection. (a,b) Magnetization transfer pathways involved in the H2N6N3 and (H6)N6N3H2 sequences,37 respectively.
(c,d) Corresponding spectra recorded on the triad system (20 °C) showing H2(A7,ω2):N6(A7,ω1) auto- and H2(A7,ω2):N3(G3,ω1) cross peaks.
(e) H2N6N3 spectrum of the hexad system (20 °C) showing H2(A5,ω2):N6(A5,ω1) auto- and H2(A5,ω2):N3(G3,ω1) cross peaks for complete
identification of the hexad moiety.
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protons with the H8 proton on the acceptor base across
NH2‚‚‚N7-C8-H8 hydrogen bonds via the magnetization
transfer pathway H2(t1)fN2(G)fN7(A/G)fH8(t2). Figure
7 shows the soft H(NN)H spectrum of the triad system,
consisting of H8(A/G,ω2):N2H2(G,ω1) cross peaks within
the triad and tetrad moeities. All of the NH2(ω2):N7(ω1)
correlations observed in the soft-HNN-COSY spectrum
(Figure 4b) are present as equivalent H8(ω2):NH2(ω1)
connectivities in the soft H(NN)H spectrum. In addition,
because detection utilizes nonexchangeable H8 protons,
the H(NN)H spectrum shows additional H8(G8,ω2):
N2H2(G2,ω1) cross peaks that are missing from the soft
HNN-COSY spectrum due to exchange-broadening of the
G2 N2H2 protons. Only the G1 N2H2 protons remain too
severely exchange-broadened to yield H8(G2):N2H2(G1)
cross peaks.

Since amino protons are rather susceptible to exchange
broadening effects, it might appear that these experiments
are of limited utility; however, even for a subset of the
total number of hydrogen-bonded amino protons, 1H-
1H correlations are always useful. Moreover, 1H-1H cor-

related experiments are not restricted to amino protons
alone. The H(NN)H experiments may be applied to Nd-
Hd‚‚‚Na-C-Ha hydrogen bonds involving imino protons
as well, typical examples being (U/T)N3-H3‚‚‚N1(A) Wat-
son-Crick, (G)N1-H1‚‚‚N1(A), and (G)N1-H1‚‚‚N7(A/G)
mismatches in which one can obtain similar 1H-1H
connectivities through H2(A):H3(U/T), H2(A):H1(G), and
H8(G/A):H1(G) correlations, respectively.51

Summary
We have attempted to highlight the tremendous impact
of 2hJNN spectroscopy in the study of higher-order DNA
structures, in terms of providing direct evidence for the
hydrogen-bonded networks that bind the structural ele-
ments of these molecules. In this context, we have
presented progress in NMR methodology that has simul-
taneously been developed in our laboratory to address the
challenges presented by the diversity of hydrogen bonding
alignments in different structural motifs. Although the
sequences were demonstrated largely in the context of

FIGURE 7. Soft H(NN)H spectrum of the triad system (0 °C) to demonstrate H8(ω2):NH2(ω1) correlations across NH2‚‚‚N7 hydrogen bonds
via 2hJN2N7 couplings. The magnetization transfer pathway is indicated schematically for the triad and tetrad motifs. The spectrum shows
H8(A7,ω2):N2H2(G,ω1) cross peaks to identify the (G3)N2H2‚‚‚N7(A7) linkage in the G3‚(C6-A7) triad, three H8(Gp,ω2):N2H2(Gq,ω1) cross peaks
to identify G‚G connectivities in the tetrad. H8(p,ω2):N2H2(q,ω1) cross peaks are labeled p:q.
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G-C Watson-Crick base pairs and G‚G and sheared G‚A
mismatches, they are generally applicable to all N-H‚‚‚N
hydrogen bonds. The molecular weights of the multi-
stranded DNA systems presented here range from 6 to 10
kD. Although the pulse sequences described here are fairly
sensitive for these systems, larger molecules will require
considerably improved techniques, likely based on devel-
opments such as the availability of cryogenic probe
technology at higher magnetic fields, in conjunction with
TROSY52-based NMR methodology. It is quite conceivable
that with the several-fold increase in sensitivity ac-
companying these developments, the tremendous benefits
of 2hJNN coupling constants as well as those of the smaller
interactions such as 4hJNN and 3hJNC may be extended to
much larger systems soon.
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