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Abstract

Based on different characteristics between unlabeled and fully 15N,13C-labeled nucleotides, we develop a method
for unambiguous resonance assignments in nucleic acids following site-specific fully 15N,13C isotope incorporation
at very low levels1. The J-couplings between heteronuclei provide for distinction between the NMR signals of the
fully labeled nucleotides and those of the natural abundance nucleotides. The method is demonstrated for DNA
oligonucleotides2, in the dimeric G-quadruplex [d(GGGTTCAGG)]2 and in the 22-nucleotide human telomeric
fragment d[AG3(TTAG3)3]. We expect this approach to be useful for selective monitoring of important functional
domains and of their interactions in large nucleic acids.

Introduction

Resonance assignments are critical for structure de-
termination of nucleic acids by NMR. NOE and
through-bond correlation techniques are commonly
used to achieve this goal (reviewed in Wijmenga and
van Buuren, 1998). However, unambiguous assign-
ments cannot always be obtained solely by these ap-
proaches, especially for large macromolecules. Both
through-space and through-bond approaches require
some reliable resonance identifications as a starting
point. The former is often model-dependent, while
the latter is sometimes insensitive or lacking in res-
olution. The site-specific 100% isotope labeling ap-
proach (Jiang et al., 1997) is a straightforward but
costly alternative. We have recently proposed a simple
and cost-effective approach (Phan, 1999; Phan et al.,
2001) to unambiguously assign resonances originat-
ing from a few-percent-(15N/13C)-labeled nucleotide
(as low as 1%) in a DNA oligonucleotide (Phan and
Patel, 2002). In this approach, one nucleotide (or a
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small number of nucleotides) of the DNA sequence
is incorporated using a phosphoramidite mix which
includes a small fraction of fully 15N/13C-labeled
phosphoramidite∗∗,∗∗∗. The resonances of the labeled
nucleotide are distinguished from unlabeled ones pri-
marily by their heteronuclear correlation peak inten-
sity, which is increased as compared to the natural
abundance reference spectrum. However, intensity
comparisons are difficult in crowded regions, even
when much higher labeling levels are used.

In a previous paper (Phan and Patel, 2002) we
pointed out that the fully labeled nucleotide contains
15N and 13C at every position, in contrast to random
distribution of 15N and 13C at natural abundance. This
makes C1′-H1′ and C5′-H5′/H5′′ correlation peaks
disappear in the CT-HSQC spectrum (constant delay

∗∗A 100%-15N,13C-labeled nucleotide, which contains 15N and
13C at every position, is referred to as a fully labeled nucleotide.
Dilution of such a nucleotide with its unlabeled counterpart leads to
a low-level (or diluted) fully labeled nucleotide.
∗∗∗DNA oligonucleotides were synthesized by the β-cyanoethyl
phosphoramidite method. Each fully labeled phosphoramidite, pur-
chased from Martek, was diluted with its unlabeled counterpart to
obtain the desired labeling levels, typically 0.5 to 5%. Only one
nucleotide at a time is labeled in the DNA oligonucleotides.
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T = 25 ms) of a 1% fully labeled sample (Phan and
Patel, 2002). In the present work, we show how this
property can be used to differentiate between unla-
beled and fully labeled nucleotides (even at very low
levels of labeling) for unambiguous resonance assign-
ments. We demonstrate the method in the dimeric
G-quadruplex [d(GGGTTCAGG)]2, which contains
G•G•G•G tetrads sandwiched between G•(C-A) tri-
ads (Kettani et al., 2000), and in the intramolecular
monomeric G-quadruplex d[AG3(TTAG3)3] from the
G-rich strand of the human telomere (Wang and Patel,
1993).

Results and discussion

Sugar protons usually resonate in the most crowded
region of the proton NMR spectrum of nucleic acids.
In many NMR studies, sugar protons such as H4′,
H5′, H5′′ could not be assigned and used for structural
characterization. A correlation experiment involving
13C-13C J-couplings (e.g. a HCCH experiment) would
directly select correlations from fully labeled sug-
ars, because a labeled sugar 13C has 13C neighbors
in contrast to a natural abundance sugar 13C whose
neighbors are 12C for 99% of them. In the litera-
ture, 13C-13C filters have been previously proposed for
different purposes, such as selection of different iso-
topomers (Wand et al., 1995) and base-type-selective
spectral editing (Brutscher et al., 2001).

To select protons such as H1′, whose attached
13C1′ is well separated in chemical shift from the
neighboring C2′, we used a simple selective CT-
HSQC (sCT-HSQC) pulse sequence (Figure 1A). This
scheme differs from the standard CT-HSQC (Santoro
and King, 1992; van de Ven and Philippens, 1992;
Vuister and Bax, 1992) by the addition of two 90◦
C2′-selective pulses in the center of the constant-time
period (between times a and b). These two pulses act
as a 0◦ pulse for �3 = −x and as a 180◦ C2′-selective
pulse for �3 = x. The 180◦ C2′-selective pulse would
decouple the effect of JC1′C2′ during the constant-time
period. The C1′-H1′ correlation originating from the
labeled nucleotide is therefore sensitive to �3, while
the natural abundance C1′-H1′ correlations are not.
If the receiver is phase-cycled according to �3, the
C1′-H1′ correlation from the labeled nucleotide is ob-
served, while those from unlabeled nucleotides cancel
out because they are detected with opposite sign for
�3 = −x and x. Alternatively, one can perform sep-
arate experiments with �3 = −x and �3 = x; the

Figure 1. Pulse sequences used in this work for selection of fully
15N,13C-labeled nucleotides. Rectangles represent 180◦ (open) and
90◦ (filled) hard pulses; ovals represent 180◦ (open) and 90◦
(filled) selective pulses. The selective pulses were generated by a
frequency-shifted DANTE sequence (Morris and Freeman, 1978).
Unless indicated otherwise, pulses are applied along the x-axis.
Phase cycling: �1 = x, −x; �2 = 2(x), 2(−x); �3 = 4(x), 4(−x);
�4 = x, −x, −x, x, −x, x, x, −x. In addition, �1 is phase-cycled in
hypercomplex mode. (A) sCT-HSQC pulse sequence used to select
protons of fully labeled nucleotides using the J-couplings between
vicinal 13C neighbors. (B) HN(C) pulse sequence used to select
the N7-H8 correlation in fully labeled purine bases. Delays: δ ≈
1/(4JCH); τ ≈ 1/(4JNH); � = 1/(4JCC). Gradients: G1 = (0.5 ms,
9 G/cm).

spectra from fully labeled and from natural abundance
moieties are then obtained by addition and subtrac-
tion of sub-spectra; a single sub-spectra recorded with
�3 = −x (standard CT-HSQC) may be used for
different band-selective experiment with �3 = x.
Note that 15N decoupling may be applied during the
constant-time period to avoid signal loss due to 1JCN.

Figure 2C shows the C1′-H1′ correlation of
G2 (fully labeled in 1% of the strands) in
[d(GGGTTCAGG)]2, selected in a 1D sCT-HSQC
spectrum. The C3′-H3′ correlation of G2 is also ob-
served. The one-bond sugar-proton correlation peak
is negative for C1′ which has an odd number (one)
of carbon neighbors, and positive for C3′ which has
an even number (two) of carbon neighbors. With ap-
propriate band-selective 13C pulses, this sCT-HSQC
experiment can be applied to other sugar protons.
For example, C1′-selective pulses provide for obser-
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Figure 2. (A) Scheme of ribose sugar with arrows indicating 1JCC couplings. (B-D) Sugar proton spectra of a [d(GGGTTCAGG)]2 sample,
where G2 is fully 15N,13C-labeled in 1% of the strands (strand concentration 3.5 mM; 100 mM NaCl; 2 mM phosphate; pH 6.6; 10 ◦C; 99.9%
D2O). The 600 MHz spectra were obtained with a Varian Unity Inova spectrometer. (B) 1D reference spectrum. (C, D) 1D sCT-HSQC spectra
recorded by sequence 1A: t1 = 0; pulse p omitted; 8192 scans; δ = 1.5 ms; � = 6.25 ms; repetition delay, 1 s; total measurement time, 2.5 h.
The selective pulses were set at the chemical shift of C2′ (39 ppm) for (C) and of C1′ (84 ppm) for (D); the 90◦ selective pulse lengths were
0.6 ms (C) and 1.3 ms (D) respectively. Asterisks indicate sugar protons assigned to G2.

vation of the C2′-H2′/H2′′ correlations of the labeled
nucleotide (Figure 2D).

The sensitivity of the sCT-HSQC method is
tested for the 22-nucleotide human telomeric fragment
d[AG3(TTAG3)3] at very low concentration (0.5 mM).
Figure 3B shows the C1′-H1′ and C3′-H3′ correlations
of G2 (fully labeled in 2% of the strands) recorded
when the selective pulses are set on C2′. Figure 3C
shows the C5′-H5′/H5′′ correlations of G2 recorded
when the selective pulses are set on C4′. The C3′-
H3′ correlation is also observed in this experiment
(not shown). Figure 3D shows the C4′-H4′ correla-
tion of G2 recorded when the selective pulses are set
on C5′. These results verify and confirm the previous
assignments (Wang and Patel, 1993).

The sCT-HSQC method can also be used for
pyrimidine aromatic protons. The sensitivity is even
higher than for sugar protons thanks to larger 1JCC
couplings (∼ 55–68 Hz). This is demonstrated in the
Figure 4 for a cytidine of [d(GGGTTCAGG)]2. The
H6 proton of cytidine 6 (fully labeled in 0.4% of the
strands) is distinguished from other aromatic protons

by a 1D experiment with the selective pulses set on
the 13C5 frequency. The H5 proton could be selected
by setting the selective pulses at the 13C6 frequency
(not shown). The method can be applied to other
pyrimidine bases such as thymidine (T) and uridine
(U).

For purine bases, the sCT-HSQC experiment is
not applicable to C8-H8 or C2-H2, since neither C8
nor C2 has a carbon neighbor. A HCN experiment
(Sklenár et al., 1993; Marino et al. 1997; Fiala et al.,
2000; Riek et al., 2001) can be used to select fully
15N,13C-labeled base protons, but consecutive magne-
tization transfer by 1JCH and 1JCN, is not very efficient
due to the small 1JCN coupling (∼ 11 Hz) (reviewed
in Wijmenga and van Buuren, 1998). Alternatively,
one can use the 2JNH coupling (∼ 11 Hz) for magne-
tization transfer and the 1JCH coupling for resolving
the final spectrum (not for a transfer step). A selec-
tive HMBC experiment, which is derived from the
HMQC and HMBC sequences (Summers et al., 1986)
by the addition of 180◦ N9-selective pulses (to elimi-
nate the effect of 2JN9H8) (Sklenár et al., 1994; Phan
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Figure 3. Assignment of G2 sugar protons of d[AG3(TTAG3)3] in a sample where G2 is fully 15N,13C-labeled in 2% of strands (strand
concentration 0.5 mM; 100 mM NaCl; pH 7; 25 ◦C; 99.9% D2O). Spectral width, 6 kHz in both 1H and 13C dimensions; 16 complex t1 points;
1024 complex t2 points; repetition delay, 1 s. (A) Standard HSQC (Bodenhausen and Ruben, 1980): 1024 scans per FID; total measurement
time, 9.5 h. (B-D) sCT-HSQC: 2048 scans per FID; δ = 1.5 ms; � = 6.25 ms, total measurement time, 19 h. The selective pulses were set at
the chemical shift of C2′ (39 ppm) for (B), of C4′ (87 ppm) for (C), and of C5′ (66 ppm) for (D); the 90◦ selective pulse lengths were 0.6 ms
(B), 0.9 ms (C), and 0.9 ms (D) respectively. Negative peaks are shown in red.

and Patel, 2002) and 13C decoupling during excitation
(to suppress unwanted pathways by all 13C), corre-
lates N7 to H8. In the selective HMBC spectrum of
[d(GGGTTCAGG)]2 (Figure 5B), the H8 proton of
G2 (fully labeled in 1% of the strands), simultaneously
coupled with 15N7 and 13C8 in fully labeled bases, ex-
hibits a N7-H8 correlation peak with a splitting 1JC8H8
(∼ 215 Hz) in the proton dimension, when 13C is
not decoupled during acquisition. When it is decou-
pled, the splitting disappears and the intensity of the
central peak increases (Figure 5C). This specific pat-
tern distinguishes fully labeled bases from unlabeled
counterparts.

This method may be inapplicable in case of spec-
tral overlap. If so, one may instead eliminate the
signals from the natural abundance correlations with
a 13C-filter (Otting and Wüthrich, 1990). Figure 1B
presents an efficient and sensitive way to do that
without any additional delays. It could be called a
HN(C) experiment. Figure 5D shows a HN(C) spec-

trum, where the N7-H8 correlation of G2 is selected
while those of other nucleotides are filtered out.

Conclusion

Our approach has been to prepare DNA oligonu-
cleotide samples at millimolar concentrations (e.g.,
1 µmol of DNA in 0.5 ml of water) where the major-
ity of strands are unlabeled and a minority of strands
(ca. 1%) contains one fully labeled nucleotide. For a
given quantity of labeled phosphoramidite (hence for
a given cost), an alternate approach would be to pre-
pare a small sample (e.g., 0.01 µmol) where all the
strands (100%) contain one fully labeled nucleotide.
The DNA could then be diluted in the standard volume
of water or put in a small volume such as a capillary.
Some practical considerations argue in favor of the
former approach. Thus, there is less loss of the labeled
material during work up of phosphoramidite oligonu-
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Figure 4. (A) The 1JCC couplings in the cytidine. (B, C) Assignment of C6(H6) in [d(GGGTTCAGG)]2 using a sample where C6 is fully
15N,13C-labeled in 0.4% of the strands (same condition as in Figure 2). (B) 1D reference spectrum. (C) 1D sCT-HSQC spectrum recorded
by sequence 1A: t1 = 0; selective pulses on 13C5 (97 ppm); 90◦ selective pulse length, 0.6 ms; pulse p omitted; 8192 scans; δ = 1.3 ms;
� = 3.7 ms; repetition delay, 1 s; total measurement time, 2.5 h.

Figure 5. (A) The 1JCH and 2JNH couplings of guanosine used in the experiment. (B-D) Assignment of G2(H8) in [d(GGGTTCAGG)]2 (same
sample and condition as in Figure 2). Selective HMBC spectra recorded without (B) and with (C) 13C decoupling during acquisition. (D)
HN(C) spectrum recorded by sequence 1B. Spectral width, 6 kHz and 8 kHz respectively in the 1H and 15N dimensions; 32 complex t1 points;
1024 complex t2 points; 512 scans per FID; δ = 1.25 ms; τ = 15.5 ms; repetition delay, 1.1 s; total measurement time, 11 h. The N7-H8
correlation patterns for G2 are framed.
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cleotide synthesis at the 1 µmol scale, compared with
synthesis at the smaller 0.01 µmol scale. Further-
more, heteronuclear correlations of 13C or 15N in
natural abundance, and proton-proton NOESY are op-
timally sensitive only at millimolar concentrations. In
addition, one can also consider intermediate labeling
situations (e.g., 10%) with the former approach.

In the present work, we have demonstrated how the
distinct characteristics associated with unlabeled and
labeled moieties can be used (e.g., by using 13C-13C or
15N-1H-(13C) correlations) to distinguish between the
signals of a small fraction of labeled nucleotides and
those of unlabeled ones, providing means for unam-
biguous resonance assignments in a cost-effective site-
specific low-level labeling approach. This opens op-
portunities for NMR studies of larger nucleic acids and
their complexes. In particular, one can unambiguously
assign some key resonances without assigning reso-
nances of the entire molecule and subsequently obtain
local structural information from NOE, through-bond
(scalar and H-bond) J-couplings, as well as global
structural information from residual dipolar coupling
studies. Such an approach should prove useful for se-
lective monitoring of functional domains and of their
interactions in large nucleic acids. Note that larger
molecules may require a TROSY variant of the pulse
sequence and higher labeling levels than those used in
this paper.

The approach will apply to RNA when labeled
ribo-phosphoramidites become available at moderate
cost. Presently, residue-type low-level labeling may
be carried out by enzymatic synthesis. The approach
would be also applicable to other biopolymers such as
peptides and proteins.
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