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Abstract

Scalar coupling correlations across hydrogen bonds with carbonyl groups as acceptors have been observed in a
variety of proteins, but not in nucleic acids. Here we present a pulse scheme that allows such an observation
and quantification of trans-hydrogen bond3hJNC′ correlations in nucleic acid base pairs, between the imino ni-
trogen15N1 and the carbonyl13C6 nuclei within the guanine quartets of the Oxy-1.5 DNA-quadruplex. Intra-
and internucleotide N-H· · ·O=C connectivities can be traced around each guanine quartet, allowing the hydrogen
bonding partners to be unambiguously assigned. Absolute values of the3hJNC′ couplings are approximately 0.2 Hz
as quantified by a selective long-range H(N)CO experiment and are thus on average smaller than the analogous
3hJNC′ couplings observed in proteins. In addition, an improved version of the pseudo-heteronuclear H(N)N-COSY
[Majumdar et al. (1999)J. Biomol. NMR, 14, 67–70] is presented which allows simultaneous detection of the15N-
donor and15N-acceptor resonances connected by2hJNN couplings in hydrogen bonds involving amino groups.
Using this experiment, values ranging between 6 and 8 Hz are determined for the2hJNN couplings between15N2
and15N7 nuclei in the guanine quartet. These values are not strongly influenced by the presence of a significant
amount of chemical exchange broadening due to amino group rotations.

Introduction

Tertiary structures of nucleic acids commonly contain
not only hydrogen bonds within canonical Watson–
Crick base pairs but also in a wide variety of non-
standard base pairs as well as between bases and
sugars, sugars and sugars, and from bases or sugars
to phosphates (Saenger, 1984; Gesteland and Atkins,
1993; Cate et al., 1996). In solution structures of
folded nucleic acids such hydrogen bonding networks
have been deduced conventionally from the obser-
vation of NOEs, slowly exchanging imino protons,
proton and nitrogen chemical shifts, and in some cases
from appropriate distances and angles in the initial
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structures (Varani et al., 1996; Dieckmann and Feigon,
1997; Butcher et al., 1999). Since the few long-range
interactions in helical and folded nucleic acids gen-
erally involve hydrogen bonds, in almost all nucleic
acid structure calculations it has been necessary to
use explicit hydrogen bond restraints at some stage
in the structure refinement. Erroneous assumptions of
such restraints can easily lead to errors in the final
structures, as discussed by Allain and Varani (1995).

These problems can be avoided by direct detec-
tion of hydrogen bonds via measurement of electron-
mediated scalar couplings between donor and acceptor
atoms (Blake et al., 1992a, b; Crabtree et al., 1996;
Dingley and Grzesiek, 1998; Kwon and Danishefsky,
1998; Pervushin et al., 1998; Shenderovich et al.,
1998; Cordier et al., 1999; Cordier and Grzesiek,
1999; Cornilescu et al., 1999a, b; Dingley et al.,
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1999; Golubev et al., 1999; Wöhnert et al., 1999).
The demonstration of a substantial scalar coupling be-
tween donor and acceptor nitrogens for the hydrogen-
bonded imino groups in Watson–Crick base pairs thus
provides a practical new tool to obtain structural in-
formation for nucleic acids (Dingley and Grzesiek,
1998; Pervushin et al., 1998). The very existence of
the couplings indicates an overlap of donor, hydrogen,
and acceptor electronic wave functions and suggests a
limited covalent character of the hydrogen bond (Paul-
ing, 1949; Isaacs et al., 1999; Smirnov et al., 1999).
Furthermore, quantum chemical calculations quan-
titatively reproduce the experimental trans-hydrogen
bond2hJNN and1hJHN scalar couplings, covalent1JHN
couplings, and imino proton chemical shifts for both
Watson–Crick and Hoogsteen base pairs in13C,15N-
labeled DNA and RNA as a function of hydrogen
bond lengths (Dingley et al., 1999; Scheurer and
Brüschweiler, 1999). This suggests that the size of
the scalar couplings will also be a useful parame-
ter for distance restraints in nucleic acid structure
calculations.

We wished to extend these measurements to other
non-Watson–Crick base pairs in nucleic acid struc-
tures that involve hydrogen bonds with carbonyl oxy-
gens as acceptors or amino nitrogens as donors. For
these studies, we used the oligonucleotide d(G4T4G4)
(Oxy-1.5) which dimerizes to form a C2-symmetric
quadruplex (Smith and Feigon, 1992; Schultze et al.,
1994). This Oxy-1.5 quadruplex contains the repeat
sequence d(T4G4) found inOxytricha novatelomeres.
Quadruplexes which form from such telomere repeats
have been shown to inhibit the riboprotein telomerase
which replicates the chromosome ends (Zahler et al.,
1991). Although the biological role of such quadru-
plexes remains to be established, proteins which bind
to quadruplexes and/or facilitate their formation have
been identified (Fang and Cech, 1993a, b; Giraldo and
Rhodes, 1994). The solution structure of the Oxy-1.5
quadruplex has been solved and shows that the 16 gua-
nine bases of the two monomers build a stack of four
hydrogen-bondedguanine quartets (Figure 1A) (Smith
and Feigon, 1992; Schultze et al., 1994). The four
thymines of each monomer form ordered loops con-
necting diagonally opposed corners of the bottom and
top G-quartets such that each consecutive G4-strand
has one parallel and one anti-parallel G4-strand as its
neighbor. A crystal structure of the Oxy-1.5 quadru-
plex also contains four stacked G-quartets, but the
topology of the dimer differs in that the loops span the
edge of a quartet at each end of the helix (Kang et al.,

Figure 1. (A) Schematic structure of the Oxy-1.5 quadruplex
formed by two d(G4T4G4) strands. The strand direction along each
edge of the quadruplex is indicated by arrows. Guanines are shown
as white (synnucleotide) and shaded (anti nucleotide) rectangles.
The thymines are in the loops that span the end quartets (Smith
and Feigon, 1992; Schultze et al., 1994). Residue numbers for the
second strand are indicated by asterisks. (B) Chemical structure
of the top planar G-quartet. Relevant chemical shift information
and J-coupling connectivities are indicated for the observation of
3hJN1C6 and2hJN2N7 trans-hydrogen bond scalar couplings. Shad-
ing indicates13C and15N nuclei which are observed in the selective
long-range H(N)CO (3hJN1C6) or the phase coherent heteronuclear
H(N)N-COSY (2hJN2N7) experiments.
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1992). However, a more recent crystal structure of the
Oxy-1.5 quadruplex is essentially identical to the so-
lution structure (M. Horvath and S. Schultze, personal
communication).

The hydrogen-bonding scheme for G-quartets
(Figure 1B) was first proposed over 25 years ago (re-
viewed in Guschlbauer et al. (1990)). Experimental
verification of the Oxy-1.5 quadruplex structure in
solution proved extremely difficult based solely on
the information obtained from internucleotide NOEs
and required the use of oligonucleotides containing
modified bases to verify the hydrogen-bonding part-
ners (Smith and Feigon, 1993). Here we present a
pulse scheme that allows the first experimental ob-
servation and quantification of trans-hydrogen bond
3hJNC′ correlations in nucleic acid base pairs, between
the imino nitrogen15N1 and the carbonyl13C6 nuclei
within the guanine quartets. We also report the quan-
tification of the 2hJN2N7 couplings in the G-quartet
by an improved version of the pseudo-heteronuclear
H(N)N-COSY (Majumdar et al., 1999) which allows
a simultaneous detection of the N2 and N7 resonances
such that the value of the coupling can be derived di-
rectly from the ratio of the N2 and N7 peak intensities.
The results show that the G-quartet hydrogen-bond
network can be verified with relative ease by the detec-
tion of trans-hydrogen bond scalar couplings involving
carbonyl and amino groups, and provide new data on
the strengths of these couplings in nucleic acids.

Experimental

The uniformly 13C,15N-labeled d(G4T4G4) quadru-
plex was synthesized as described (Masse et al., 1998).
NMR experiments were carried out on a Shigemi mi-
crocell sample of 250µl volume containing 1.5 mM
DNA quadruplex (3 mM oligomer), 50 mM NaCl,
and 95% H2O/5% D2O at pH 7.2. NMR data were
acquired at either 298 K (3hJNC′ experiment) or 274
and 288 K (2hJNN experiment) on a Bruker DMX-600
NMR spectrometer, equipped with a standard 5 mm
triple-axis pulsed field gradient1H/15N/13C probehead
optimized for1H detection.

The long-range, water flip-back, selective pulse,
quantitative-JNC′ H(N)CO experiment depicted in Fig-
ure 2 was used to measure heteronuclear15N–13C
scalar coupling constants for the DNA quadruplex.
The data matrices consisted of 25∗ (t1) × 1024∗ (t2)
data points (where n∗ refers to complex points) with
acquisition times of 40 ms (t1) and 77 ms (t2). A total

of 2176 scans per complex t1 increment were collected
for pulse scheme A, whereas 32 scans were accumu-
lated in the reference experiment B (Figure 2). The
total measuring time for such a pair of experiments
was 64.5 h.

The modified quantitative-JNN H(N)N-COSY ex-
periment depicted in Figure 4 was used to measure
the homonuclear15N–15N trans-hydrogen bond cou-
pling constants between the far upfield (∼82 ppm)
donor 15N2 amino nitrogen and the far downfield
(∼232 ppm) acceptor15N7 aromatic nitrogen nuclei of
the G–G base pairs of the DNA quadruplex. The data
matrix consisted of 50∗ (t1) × 1024∗ (t2) data points
with acquisition times of 44 ms (t1) and 77 ms (t2).
A total of 256 scans per complex t1 increment were
collected.

NMR data sets were processed using the program
NMRPipe (Delaglio et al., 1995) and peak positions
and integrals were determined with the program PIPP
(Garrett et al., 1991) and the time domain fitting rou-
tine nlinLS contained in the NMRPipe package. For
determining the hydrogen-bond distances and angles,
hydrogens were added to the Oxy-1.5 crystal structure
with the program XPLOR (Brünger, 1992), using ideal
covalent geometry and a guanosine N1-H1 distance of
1.04 Å.

Results

3hJNC′ couplings
Each G-quartet of Oxy-1.5 (Figure 1B) contains four
hydrogen bonds between the guanosine imino groups
(H1-N1) and the carbonyl groups (O6=C6). Trans-
hydrogen bond couplings to the13C-nucleus of car-
bonyl groups have been reported previously for pro-
teins, but not for nucleic acids. Depending on the
hydrogen bond length (Cordier et al., 1999; Cordier
and Grzesiek, 1999; Cornilescu et al., 1999a, b; Wang
et al., 1999), absolute values for such2hJHC′ and
3hJNC′ couplings range between 0.1 and 0.9 Hz. The
couplings to the carbonyl13C nuclei are therefore con-
siderably smaller than in the case where the acceptor
nucleus itself is observed, e.g. the2hJNN (6–10 Hz)
and 1hJHN (2–4 Hz) couplings in many nucleic acid
base pairs.

In the present study, we show that trans-hydrogen
bond3hJNC′ couplings between the donor imino15N1
and the acceptor carbonyl13C6 are also detectable
in the guanine quartets of Oxy-1.5. This is achieved
by a selective long-range H(N)CO-experiment (Fig-
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Figure 2. Pulse sequence of the long-range quantitative-JNC H(N)CO experiment. Narrow and wide pulses correspond to flip angles of 90◦ and
180◦, respectively, and all pulse phases are x unless specified. Carrier positions are1H2O (1H), 144.1 ppm (15N), and 162.3 ppm (13C). All
regular1H pulses are applied at an RF field strength of 29 kHz, whereas rectangular low-power1H pulses are applied usingγHB1/2π = 200
Hz. All regular15N pulses are applied at an RF field strength of 5.9 kHz. The shaped15N 180◦ pulses at the midpoint of each 2T period have
a G3 (Emsley and Bodenhausen, 1990) amplitude profile, with durations of 7.2 ms, corresponding to a refocusing bandwidth of± 3 ppm. The
shaped13C 180◦ pulses (open) at the midpoint of each 2T period have a G3 amplitude profile, with durations of 8.7 ms, corresponding to an
inversion bandwidth of± 1 ppm. The13C 90◦ pulses bracketing the t1 period and the13C 180◦ decoupling pulse centered in the t1 period have
the shape of the center lobe of a (sinx)/x function and durations of 150 and 300µs, respectively. GARP decoupling (γCB3/2π= 3.3 kHz) on the
13C channel was applied during the two reverse INEPT and acquisition periods. Delay durations: T= 80 ms≈ 1/1JN1C6; δ= 2.25 ms;τ= 2.7
ms; ζ = 20 ms. Phase cycling:φ1 = 8(x), 8(−x); φ2 = 4(x), 4(−x); φ3 = 32(x), 32(−x); φ4 = 16(x), 16(−x); φ5 = (y, x, −y, −x) =: R;
receiver = R,−R,−R, R. Quadrature detection in the t1 dimension was achieved by incrementingφ2 in the States-TPPI manner. Gradients are
sine-bell shaped, with an absolute amplitude of 25 G/cm at their center and durations of G1,2,3,4,5 = 2.5, 3.75, 2.7, 0.88, and 0.4 ms. For the

quantification of JNC′ couplings, two independent experiments are performed with the13C 180◦ shaped pulses (open) applied at either position
A or B. Cross peaks observed for experiment A are mainly the result of small15N to 13C couplings (such as3hJNC′ ) which evolve during the
full period 2T. Cross peaks observed in scheme B (reference) are a result of the intranucleotide1JNC′ couplings which are active during the
period 2(T− ζ).

ure 2). The experiment is similar to the recently
published long-range JNC′ H(N)CO experiment with
TROSY detection (Pervushin et al., 1997) which was
used to measure the analogous3hJNC′ couplings in a
large perdeuterated protein (Wang et al., 1999). In
contrast to proteins, in nucleic acids which are uni-
formly 13C and15N enriched, the detection of small,
trans-hydrogen bond3hJNC′ correlations is consider-
ably more difficult due to the presence of relatively
large one-, two-, and three-bond intranucleotide15N–
13C couplings (Ippel et al., 1996). To avoid loss of
magnetization due to these15N–13C intranucleotide
scalar couplings, band-selective pulses are used such
that magnetization transfer occurs uniquely between
the imino15N1 and the carbonyl13C6 spins. In partic-
ular, highly selective13C inversion pulses are neces-
sary to avoid the unwanted intranucleotide one-bond
(∼20 Hz) magnetization transfer from the15N1 to
the 13C2 nucleus which is very close in frequency
(∼156 ppm) to the carbonyl13C6 nucleus (∼162 ppm,

Figure 1B). For this reason, the inversion profile of the
180◦ 13C G3 pulse was adjusted such that it covers
only a bandwidth of approximately± 1 ppm around
the 13C6 resonances and leaves13C spins more than
3 ppm from the13C carrier essentially unaffected.
Similarly, the selective 180◦ 15N G3 pulse (± 3 ppm)
during each of the 2T periods ensures that the intranu-
cleotide homonuclear two-bond JNN coupling of∼ 2
Hz (Dingley et al., 1999) between the imino15N1 and
15N3 nuclei is also refocused.

In contrast to a standard HNCO experiment in
proteins, the pulse scheme in Figure 2 uses long ni-
trogen to carbonyl de/rephasing periods of a length
2T ≈ 2/1JN1C6 (160 ms). This has the effect of ap-
proximately refocusing the covalent1JN1C6 coupling
(∼12.5 Hz), while leaving the magnetization trans-
fer across the hydrogen bond by the much smaller
3hJNC′ coupling active. In principle, such refocusing is
achieved by any choice of 2T≈ n/1JN1C6, with n being
an integer. However, the maximal sensitivity for the
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cross peaks is obtained when 2T is set to values close
to the transverse relaxation time of the15N1 nucleus.
It is interesting to note that for the extended dephasing
periods used in the experiment, the15N1 transverse
relaxation contains a significant contribution due to
scalar relaxation of the second kind (Abragam, 1961)
resulting from the finite lifetimes of the longitudinal
13C6 and13C2 magnetization. Considering only the
active couplings to the13C6-nucleus, the intensity of
a cross peak between the imino proton and the accep-
tor carbonyl carbon in the long-range selective pulse
H(N)CO (Figure 2, scheme A) will be proportional to
sin2(2π3hJNC′T)∗cos2(2π1JN1C6T). As explained pre-
viously (Cordier and Grzesiek, 1999), the value of
3hJNC′ can be quantified by comparing the cross-peak
intensities to the intensities of a reference spectrum
(Figure 2, scheme B) which is recorded with the se-
lective13C′ 180◦ pulses shifted by a delayζ = 20 ms
≈ 1/(4∗1JN1C6) relative to the position of the15N 180◦
pulses in the middle of the INEPT transfer intervals
(Figure 2, scheme B). In this reference experiment,
predominantly intranucleotide1JN1C6 correlations are
measured and the value of3hJNC′ is determined from
the relation:

√
Ihbond

Iref
= sin(2π3hJNC′T) ∗ cos(2π1JN1C6T)

sin(2π1JN1C6[T − ζ]) ∗ cos(2π3hJNC′ [T − ζ])
≈ 2π3hJNC′T (1)

where the approximation holds for small values of
3hJNC′ such that |2π3hJNC′T | � 1 and values of
1JN1C6 close to 12.5 Hz.

Figure 3A shows the result of such a 65 h long-
range selective pulse JNC′ H(N)CO experiment (Fig-
ure 2, pulse scheme A) for the DNA quadruplex.
Eight trans-hydrogen bond3hJNC′ correlations are vis-
ible between different donor imino15N1 and accep-
tor carbonyl 13C6 nuclei. These eight correlations
correspond to the total number of 16 guanosine N1-
H1· · ·O6 hydrogen bonds, since the two d(G4T4G4)
monomers of Oxy-1.5 are symmetry related. As in the
analogous protein experiment (Cordier and Grzesiek,
1999; Cornilescu et al., 1999a), slight variations of
the intraresidue1JN1C6 coupling constants lead to an
incomplete suppression of five of the eight intranu-
cleotide one-bond correlations. For comparison, the
reference H(N)CO spectrum (Figure 2, pulse scheme
B) is depicted in Figure 3B showing only correlations
resulting from these intraresidue1JN1C6 couplings.
The assignments for the eight3hJNC′ correlations agree

Figure 3. Quantitative-JNC′ H(N)CO spectra of the uniformly
13C/15N-labeled DNA quadruplex. Resonances are labeled with as-
signment information. Due to the symmetry of Oxy-1.5, resonances
are degenerate for two guanine bases Gi and Gi∗ located on dif-
ferent d(G4T4G4) oligonucleotides. (A) Resonances observed from
recording a spectrum with pulse scheme A in Figure 2. Resonances
in this panel result from magnetization transfer across the hydrogen
bond between the donor imino15N1 and acceptor carbonyl13C6
nuclei for each G–G∗ base pair. Nucleotide names marked by the
superscript i denote incomplete refocusing of the intranucleotide
1JN1C6 coupling. The insert illustrates the definition of the scalar
3hJN1C6 coupling via the hydrogen bond. (B) Reference spectrum
recorded by using pulse scheme B of Figure 2. In this panel, res-
onances arise from the active covalent one-bond intranucleotide
coupling between the imino15N1 and the carbonyl13C6 (1JN1C6).
Contour lines in panel B are drawn at a 14.5 times higher level (cor-
rected for different total experimental time) and the spacing between
contour lines corresponds to a factor of 1.12 (A) and 1.2 (B).

with the base pairing scheme observed in the NMR
structure (Smith and Feigon, 1992; Schultze et al.,
1994) and the new crystal structure (M. Horvath and
S. Schultz, personal communication).

The quantitative J-correlation pulse scheme in Fig-
ure 2 only determines the absolute value of3hJNC′ ,
whereas the sign of the corresponding3hJNC′ coupling
in proteins was determined as negative by a zero-
quantum/double-quantumtechnique (Cornilescu et al.,
1999b). Due to the inherent low sensitivity of the latter
experiment, such a determination of the sign of3hJNC′
was not attempted for the Oxy-1.5 molecule. An ac-
curate determination of the absolute value of3hJNC′
was only possible in six of the eight non-equivalent
imino groups because of spectral overlap with the
residual intranucleotide1JN1C6 correlations. Table 1
lists these individual3hJNC′ values, which range be-
tween 0.18 and 0.26 Hz with an estimated statistical
error of approximately 0.02 Hz.
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Table 1. 3hJNC′ values for the Oxy-1.5 molecule at 298 K derived
from the selective H(N)CO

Groove Outer quartet3hJNC′ (Hz) Inner quartet 3hJNC′ (Hz)

Wide G1-G9∗a ndb G2-G3∗ 0.26±0.02

Medium G9∗-G12 nd G3∗-G11 0.21±0.02

Narrow G12-G4∗ 0.20±0.02c G11-G10∗ 0.24±0.03

Medium G4∗-G1 0.18±0.02 G10∗-G2 0.21±0.02

aGi-Gj∗ refers to donor base i and acceptor base j∗. G and G∗ are
located on different d(G4T4G4) oligonucleotides. Each Gi-Gj∗ pair
has a symmetry related Gi∗-Gj base pair.
bnd= not determined.
cStatistical errors as propagated from the noise in the individual
experiments.

2hJNN couplings

In addition to the imino to O6=C6 hydrogen bonds,
the guanosine quartets contain hydrogen bonds be-
tween the amino15N2 donor and the15N7 acceptor
atoms (Figure 1B).2hJNN correlations across hydrogen
bridges involving amino groups have recently been
observed in an A-A base pair by means of a pseudo-
heteronuclear H(N)N-COSY (Majumdar et al., 1999).
As has been pointed out by Majumdar and co-workers
(1999), limitations in the achievable15N RF power
render a conventional homonuclear H(N)N-COSY ex-
periment (Dingley and Grzesiek, 1998; Pervushin
et al., 1998) inefficient for the detection of amino
to aromatic 2hJNN couplings. They therefore de-
signed a pseudo-heteronuclear H(N)N-COSY experi-
ment where selective15N pulses excite the amino and
aromatic15N resonances separately (Majumdar et al.,
1999). An inconvenience of that experiment is that
the resonances corresponding to the amino15N nu-
clei could not be detected and a separate spin-echo
difference experiment was used to quantify the2hJNN
values.

The pulse scheme in Figure 4 is an improved ver-
sion of the heteronuclear H(N)N-COSY which detects
resonances of both amino and aromatic15N nuclei
in a single experiment. Using as an example the
evolution under the2hJNN coupling between amino-
15N2 and aromatic15N7 nuclei in the G-G base pair,
2H2zN2x magnetization at pointa is transferred to
a term proportional to 4H2zN2yN7z sin(2π2hJNNT)
+ 2H2zN2x cos(2π2hJNNT) at point b in Figure 4.
Selective 180◦ 15N pulses are applied separately at
amino (82 ppm) and aromatic frequencies (232 ppm)
in the middle of the transfer interval 2T. At the
time point b, two selective 90◦φ2

15N pulses are ap-

plied simultaneously at these frequencies such that
the magnetization is transferred to−4H2zN2zN7y
sin(2π2hJNNT) + 2H2zN2x cos(2π2hJNNT) at point
c. After a normal frequency labelling period dur-
ing t1 and a second pair of simultaneous selective
90◦φ3

15N pulses at pointd, both terms are trans-
ferred back to observable H2y magnetization at point
e which is proportional to−sin2(2π2hJNNT)cos(ωN7
t1) + cos2(2π2hJNNT)cos(ωN2t1). In order to achieve
the proper phase-sensitive detection ofωN7 andωN2
frequencies during the t1-period, it is necessary to
apply the15N 90◦φ2 and 90◦φ3 pulses in a phase co-
herent mode on both frequencies for every point of
the t1-evolution period. If this condition is fulfilled,
the experiment yields results which are identical to the
homonuclear H(N)N-COSY experiment (Dingley and
Grzesiek, 1998) with diagonal peaks appearing in the
two-dimensional spectrum at frequencies (ωN2,ωH2)
and cross peaks appearing at frequencies (ωN7,ωH2).
Note, however, that theωN2 andωN7 frequencies are
measured relative to the two different carrier posi-
tions at 82 ppm and 232 ppm, respectively. As in the
case of the homonuclear H(N)N-COSY, the value of
2hJN2N7 is given by atan((IN7/IN2)1/2)/(2πT), where
IN7/IN2 is the ratio of the cross peak and diagonal peak
intensities.

In principle, phase coherence on amino and aro-
matic frequencies can be achieved easily by using two
separate15N radio frequency channels. If such a sec-
ond15N channel is not available, phase coherence can
also be achieved with no effort by the use of suitable
phase-modulated 90◦φ2 and 90◦φ3 pulses and by setting
the t1-increment to a value of n/1f, where1f is the
frequency difference of the carrier positions for the
amino and aromatic resonances (150 ppm∗ 60.8 MHz
= 9120 Hz at 14.7 T) and n is an integer. For the exper-
iment depicted in Figure 5, the15N-carrier was set to
82 ppm during the entire experiment and the 90◦

φ2 and
90◦φ3 pulse pairs were generated from normal rectan-
gular pulses by multiplication with a phase modulation
factor in the form [1+ exp(i2π1f t)]. An RF field
strength of1f/

√
15 for these pulses achieves minimal

cross excitation of amino and aromatic frequencies.
Note that, due to the finite length of the pulses, an
additional constant phase correction1φ is necessary
for one of the two frequencies, if an arbitrary initial
t1-delay is desired such as to ensure a suitable phase
correction for theω1-frequency domain. For the spec-
ified rectangular pulses, an initial t1-delay of n/(21f)
and n= 8,1φ is calculated as−95.2◦. This additional
constant phase correction is easily incorporated into
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Figure 4. Pulse sequence for the quantitative-JNN pseudo-homonuclear H(N)N-COSY experiment. Narrow and wide pulses correspond to flip
angles of 90◦ and 180◦ respectively, and unless indicated, the phase is x. Carrier positions are1H2O (1H), 82 ppm (15N), and 135 ppm (13C).
All regular 1H, 15N, and13C pulses are applied at an RF field strength of 29, 2.35, and 16.7 kHz, respectively. Rectangular low-power1H
pulses are applied usingγHB1/2π = 200 Hz, and the sine-bell shaped 90◦−x pulse has a duration of 3.0 ms.15N 180◦ shaped pulses applied at
the midpoint of the COSY transfer periods on both the upfield (N7) and downfield (N2) nitrogen nuclei have the shape of the center lobe of a
(sinx)/x function with durations of 600µs. The pair of15N pulses in each of the shaded boxes represents a rectangular pulse, phase-modulated
such that it corresponds to two rectangular15N pulses with carrier positions at 82 and 232 ppm, respectively (see text). An RF field amplitude
of 2.35 kHz is used for both pulses. WALTZ decoupling (γNB2/2π = 1.25 kHz) was applied during acquisition on the15N channel. Delay
durations:δ = 2.25 ms; T= 20 ms. Phase cycling:φ1 = y, −y; φ2 = 2(x), 2(−x); φ3 = 4(x), 4(−x); receiver= x, −x. Quadrature detection
in the t1 period was achieved by alteringφ1 andφ2 in the States-TPPI manner. Gradients are sine-bell shaped, with an absolute amplitude of
25 G/cm at their center and durations (polarities) of G1,2,3,4,5,6 = 2.8(+), 2.0(+), 0.3(−), 0.45(+), 2.0(−), and 0.4(+) ms.

one of the two shaped pulse pairs by setting the phase
modulation factor to [1+ exp(i (2π1f t + 1φ))]. If
these considerations are taken into account, in-phase
detection of bothωN7 andωN2 frequencies during t1
is achieved by a normal States-TPPI incrementation
(Marion et al., 1989) of phasesφ1 andφ2.

Figure 5 shows the result of such a 4 h quanti-
tative pseudo-homonuclear H(N)N-COSY experiment
for the DNA quadruplex at 274 K. Clearly, cross peaks
corresponding to N7 resonances and diagonal peaks
corresponding to the amino N2 resonances are de-
tected at the same time with reasonable sensitivity
for four out of a total of eight non-equivalent amino
groups. Note that the two sets of resonances corre-
spond to two different15N frequency scales. Strong
chemical exchange broadening resulting from rota-
tions of the N2-amino groups causes the absence of
diagonal and cross correlations for the G2, G4, and
G12 amino-N2 groups. Due to this exchange, the
diagonal peaks for the G9 amino group are also con-
siderably weakened (Figure 5) and cross peaks to
the 15N7-nuclei of G12∗ are only detected in a 12
h experiment (not shown). Apparently this type of
chemical exchange is centered at the two corners of the
Oxy-1.5 molecule where the equivalent G4 and G4∗
residues are located. Table 2 lists individual2hJN2N7
values as determined from several H(N)N-COSY ex-
periments at 274 K and 288 K. At these two tem-

peratures,2hJN2N7 constants for the G-tetrads range
between 6 and 8 Hz. An independent determination
of the2hJN2N7 constants by the quantitative spin-echo
technique (Majumdar et al., 1999) yields essentially
identical values at 274 K (Table 2).

Discussion

Imino-carbonyl hydrogen bonding pattern in the
G-quartets
Comparison of the cross peaks in the long-range
H(N)CO (Figure 3A) and reference H(N)CO (Fig-
ure 3B) experiments reveals that a complete set
of intra- and internucleotide N-H· · ·O=C correla-
tions can be traced around each of two quar-
tets, i.e. G1(H1)→G9∗(C6), G9∗(C6)→G9∗(H1),
G9∗(H1)→G12(C6), G12(C6)→G12(H1), G12(H1)→
G4∗(C6), G4∗(C6)→G4∗(H1), G4∗(H1)→G1(C6),
G1(C6)→G1(H1) for the outer quartet and similarly
G2→G3∗→G11→ G10∗→G2 for the inner quartet.
This establishes not only the G-quartet structure and
the number of non-symmetry related G-quartets, but
also the hydrogen bonding partners in the G-quartet.
With the two non-symmetry related G-quartets con-
nected via scalar couplings, assignments to specific
bases are trivial since only one guanine has to be
assigned to unambiguously get the rest. Once the hy-
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Figure 5. Quantitative-JNN pseudo-homonuclear H(N)N-COSY spectrum of the uniformly13C/15N-labeled DNA quadruplex. Positive con-
tours depict diagonal resonances, and negative contours (dashed lines) correspond to cross peaks resulting from2hJNN couplings between
the amino15N2 (∼82 ppm) and aromatic15N7 (∼232 ppm) nitrogens. Resonances are labeled with assignment information. For each amino
group, pairs of resonances are observed corresponding to detection via the upfield or downfield amino1H2 protons. Due to the peculiarity of
the experiment, the inner15N frequency scale applies to the diagonal resonances whereas the outer frequency scale corresponds to the15N
frequencies of the cross peaks.

drogen bonds are established via the J-coupling, cor-
relation of the imino protons to the assigned base H8
protons can be obtained using a heteronuclear TOCSY
(Sklenar et al., 1996). Note that the donor–acceptor
pattern is clockwise around the outer quartets (G1-
G9∗-G12-G4∗-G1) and counter-clockwise around the
inner quartets (G2-G3∗-G11-G10∗-G2). Although the
3hJNC′ are all rather small, the inner quartets show
slightly larger couplings than the outer quartets (Ta-
ble 1).

Comparison of3hJNC′ couplings in proteins and
nucleic acids
An unexpected result of this study is that the3hJNC′
couplings of∼0.2 Hz for the G-G base pairs are
smaller on average than the equivalent3hJNC′ cou-
plings observed in proteins. As the Oxy-1.5 molecule
is an exceptionally stable DNA dimer with very lit-
tle indication of local mobility on the pico- to nano-
or millisecond time scale revealed by imino15N re-
laxation measurements (data not shown), motional
averaging is an unlikely cause for the small values of
3hJNC′ . Apparently this difference in3hJNC′ for pro-
teins and the Oxy-1.5 molecule is a consequence of
differences in the overlap of donor, hydrogen, and
acceptor orbitals which could be caused by both the

different chemical environment of the donor and ac-
ceptor groups and by the different local geometry of
the C=O· · ·H–N hydrogen bonds.

An analysis of the new 1.9 Å X-ray structure of
Oxy-1.5 (M. Horvath and S. Schultz, unpublished co-
ordinates) shows that the average RN1···O6 and RH1···O6
(assuming RN1H1 = 1.04 Å and standard geometry)
distances for the G–G base pairs are 2.91± 0.12 Å
(N = 16) and 1.93± 0.12 Å (N= 16), respectively.
Both these distances are very close to average N-O and
H· · ·O distances found in backbone hydrogen bonds
of protein G (Cornilescu et al., 1999b), ubiquitin
(Cordier and Grzesiek, 1999), and many other proteins
(Baker and Hubbard, 1984) where absolute3hJNC′ val-
ues can be as large as 0.9 Hz. Similarly, the average
of the O6· · ·H1–N1 angle for Oxy-1.5 (157± 6◦,
N = 16) is very close to the average of the O· · ·H–
N angle determined from the 1.1 Å X-ray structure of
protein G (158± 12◦, N = 38) (Derrick and Wigley,
1994). In contrast, the H· · ·O=C angle differs strongly
between protein G and the G-quartets: whereas for
protein G the average of this angle amounts to 147
± 16◦ (N = 38), in the Oxy-1.5 structure, this value
is only 125± 5◦ (N = 16). In the Oxy-1.5 structure,
the O· · ·H vector deviates on average by only 1± 8◦
(N = 16) from the plane defined by the aromatic ring
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Table 2. 2hJNN values for the Oxy-1.5 molecule at different
temperatures

HNN-COSYa Spin-echob HNN-COSYc

274 K 274 K 288 K

G1-G9∗d de 8.1f ± 0.1 8.2± 0.1 7.9± 0.1

u 8.0± 0.2 8.2± 0.1 7.8± 0.1

G9∗-G12 d 7.1± 0.7 6.9± 0.5 ndg

u 7.3± 0.5 5.8± 0.4 nd

G12-G4∗ nd nd nd

G4∗-G1 nd nd nd

G2-G3∗ nd nd nd

G3∗-G11 d 6.8± 0.3 6.4± 0.1 5.9± 0.8

u 6.6± 0.1 6.3± 0.1 6.1± 0.7

G11-G10∗ d 6.6± 0.1 6.7± 0.1 6.3± 0.2

u 6.3± 0.1 6.8± 0.1 6.2± 0.2

G10∗-G2 d 6.9± 0.1 6.9± 0.1 6.6± 0.2

u 6.9± 0.1 7.2± 0.1 6.8± 0.2

aData are determined as the mean of three independent
H(N)N-COSY experiments with experimental times of 4,
12, and 14 h, respectively. Errors are given as the vari-
ance of these three determinations. Values for the G9-G12∗
correlation could only be determined from the 12 and 14 h
experiments.
bData are determined from a 12 h quantitative spin-echo
experiment (Majumdar et al., 1999). Statistical errors are
estimated from the experimental noise.
cData are determined from a 6 h H(N)N-COSY experiment.
Statistical errors are estimated from the experimental noise.
dGi-Gj∗ refers to donor base i and acceptor base j∗ located
on different d(G4T4G4) monomer subunits. Corresponding
Gi∗-Gj base pairs are symmetry related.
eChemical shift of the amino1H2 resonance from which the
2hJNN coupling was determined: downfield (d), upfield (u).
fAbsolute values in Hz.
gnd= not determined due to exchange broadening.

of the acceptor group whereas for protein G this de-
viation of the O· · ·H vector from the acceptor peptide
plane amounts to 14± 26◦ (N = 38). Therefore, in
the G-quartet the O· · ·H vector points almost exactly
into the direction of the idealized sp2 oxygen lone
pair orbital (120◦ in-plane H· · ·O=C angle) whereas
in protein G and other proteins (Baker and Hubbard,
1984) the O· · ·H vector deviates substantially from
this ideal sp2 orbital direction and points more into the
direction of the C=O vector.

Although a recent quantum-chemical study (Scheu-
rer and Brüschweiler, 1999) shed light on the de-
pendence of the3hJNC′ coupling on the O· · ·H–N
angle, with the strongest couplings being expected for
a linear geometry, the dependence of3hJNC′ on the
H· · ·O=C angle has not been described and remains
poorly understood. The observation of the smaller ab-

solute values for3hJNC′ in the G-quartets could be due
to the difference in the H· · ·O=C angle where the de-
viation from linearity would lead to reduced orbital
overlap between the lone pair participating in the hy-
drogen bond and the carbon sp2-hybrid participating in
the C=O double bond. Another possible explanation
are genuine differences in the carbonyl and nitrogen
electronic orbitals of the guanine and peptide moi-
eties. Differences in the extent of the oxygen lone
pair orbitals for the guanosine tetrad could result from
the coordination of Na+ ions that are bound in the
center of the quadruplex. A recent 0.9 Å resolution
crystal structure of a parallel four stranded quadruplex
(Phillips et al., 1997) indicates that the Na+ ions are
located either in the plane of the quartets or between
two quartets and coordinate to the electron lone pair of
the carbonyl oxygen, which is not participating in the
H1· · ·O6=C6 hydrogen bond. Presumably this cation
coordination could withdraw electron density from the
hydrogen bond and lead to reduced overlap between
the oxygen and the hydrogen orbitals.

2hJNN couplings
The 2hJN2N7 values for the DNA-quadruplex are very
similar in size to2hJNN values of 6–8 Hz observed
for hydrogen-bonded imino15N nuclei in Watson–
Crick and Hoogsteen base pairs (Dingley and Grze-
siek, 1998; Pervushin et al., 1998; Dingley et al.,
1999) Correspondingly, the average RN2···N7 distance
of 2.88± 0.14 Å (N= 16) as calculated from the 1.9 Å
resolution X-ray crystal structure of Oxy-1.5 (M. Hor-
vath and S. Schultz, unpublished coordinates) is very
close to average donor–acceptor distances RN1···N3 of
2.92 Å and 2.81 Å observed for Watson–Crick G–C
and T–A base pairs (Dingley et al., 1999). Inter-
estingly, the size of the G1-G9∗ 2hJN2N7 coupling
is significantly larger (8.1 Hz) than the other2hJNN
couplings observed. In the new crystal structure of
Oxy-1.5, this larger2hJN2N7 value coincides with a
significantly shorter RN2···N7 distance of 2.65 Å for
the G1-G9∗ base pair. Therefore, this experimen-
tal finding shows again that the size of the trans-
hydrogen bond couplings can be correlated directly
with donor–acceptor distances (Dingley and Grze-
siek, 1998; Cordier and Grzesiek, 1999; Cornilescu
et al., 1999b; Dingley et al., 1999; Scheurer and
Brüschweiler, 1999). Apparently the shorter RN2···N7
distance for G1-G9∗ is not correlated with a stronger
protection against exchange of the amino protons of
G1 with water, because the slowest exchange is ob-
served for the amino protons of G3 and G11 which
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are part of the inner quartets (Smith and Feigon,
1993). This finding is remarkable but could be ex-
pected since solvent exchange rates of labile protons
are strongly influenced by a number of factors such
as solvent accessibility, the pK, and base pair opening
rates (Teitelbaum and Englander, 1975; Kettani et al.,
1997).

In B-DNA, the hydrogen-bonded and non-
hydrogen-bonded guanine amino proton pairs are
generally observed as one broad resonance due to
intermediate-fast rotation around the C-N bond, as
well as exchange with water. The observation of re-
solved resonances for the amino groups of G1, G3,
G10 and G11 (Figure 5) in the quadruplex is therefore
rather unusual. On the other hand, the amino group
of G9 is affected to a large extent by exchange broad-
ening from the C-N bond rotation at 274 K (Figure 5).
Thus, it is striking that the2hJN2N7 constant for the G9-
G12∗ correlation is not strongly reduced (∼6–7 Hz,
Table 2). Similarly, almost no reduction in the value
of 2hJN2N7 (∼6 Hz) is observed for the G3-G11∗ base
pair at 288 K where the G3-N2 amino group reso-
nances are analogously broadened and weakened due
to the onset of chemical exchange at this temperature
(not shown). An explanation for this phenomenom
could be that even in the presence of fast amino group
rotations in the millisecond range, completely open
states of the N2· · ·N7 hydrogen bond are not highly
populated. Since the H(N)N-COSY experiment only
measures the ensemble average of electron-mediated
magnetization transfer across the hydrogen bond, rota-
tions on the millisecond time scale would not affect the
value of2hJN2N7 provided that the average population
of an open hydrogen bond is small in comparison to
the two possible closed states.

The 2hJN2N7 values found in the G-tetrad are sig-
nificantly larger than the analogous amino15N6 to aro-
matic 15N7 2hJNN couplings of approximately 2.5 Hz
reported for A–A mismatch base pairs in a DNA
arrowhead motif for which a high resolution X-ray
crystal structure is currently not available (Majumdar
et al., 1999). This difference must be based either on
the different chemical nature of the donor and accep-
tor groups or on a different hydrogen bond geometry
in the A–A mismatch base pairs. Examples of N-
H· · ·N hydrogen bonds in many different base pair
types show that the2hJNN is rather insensitive with
respect to the position of the donor and acceptor nitro-
gen atoms in the aromatic ring system of nucleic acids.
For donor–acceptor distances of∼2.8–2.9 Å, values
for 2hJNN of 6–8 Hz have been observed for the imino

hydrogen bonds of Watson–Crick G-C, U-A, and T-A
(Dingley and Grzesiek, 1998; Pervushin et al., 1998),
reverse Hoogsteen U-A (Wöhnert et al., 1999), Hoog-
steen T-A (Dingley et al., 1999) base pairs and also
for the amino hydrogen bonds in the G-quartet. There-
fore, it seems more likely that the much smaller2hJNN
couplings for A–A mismatch base pairs are caused
by a different geometry of the hydrogen bond which
leads to reduced overlap between donor, hydrogen and
acceptor electronic orbitals.
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