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Measurement of T1 relaxation rates of natural abundant 13C at
C29 in a non-uniformly deuterium-labelled oligo-DNA
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The T1 relaxation rate of C29 at natural abundance of four different stereoselectively C29 deuterio-labelled nucleotide
residues [29-2H (S): ~85 atom% 2H; 20-2H (R): ~15 atom% 2H; 39- and 59/50-2H: >97 atom% 2H; 49-2H: ~65 atom% 2H]
in duplex I, d59(1C2G3C4G5A6A7T8T9C10G11C12G)2

39, (1.13 mM) has been measured for the first time. Only the 13C
nuclei bearing both proton and deuterium have been detected by 1H–13C 2D heteronuclear experiments by filtering
away all other methylene 13C nuclei. A similar experiment performed without deuterium decoupling allows the ob-
servation of 13C(29)–2H coupling, which semiquantitatively gives information regarding the dynamics of 29-methylene
fragments in deuterated DNA duplex II with natural 13C abundance, d59(1C2G3C4G5A6A7T8T9C10G11C12G)2

39, at 2.5
mM concentration [29-2H (S): ~85 atom% 2H; 20-2H (R): ~15 atom% 2H; 39-2H: >97 atom% 2H; 59-2H/50-2H (R/S)
~50 :50 atom% 2H]. It is noteworthy that despite the concentration increase of duplex II over duplex I by two-fold,
only 13C(29)–2H coupling was observable for the former but not the 13C(59)–2H coupling because of the sensitivity
problem owing to the proximity of C59 to the water resonance.

Introduction
The development of chemoselective approaches for incorpor-
ation of deuterium 1 in nucleoside residues has paved the way
for selective non-uniform labelling of oligo-DNA and RNA
with these building blocks at specific sites of interest. The
non-uniform deuterium labelling (i.e. the “NMR-window”
approach) 1a–g has been developed in our laboratory to aid the
assignment problem of the overlapping NMR resonances in
large oligo-DNA and RNA, which is one of the most serious
problems encountered in the elucidation by NMR of their
structure. Based on this concept, the solution structures of
21mer 1f and 31mer oligo-RNAs 1g have been solved. It has
been 1e shown that the deuteration helps to determine the 3JHH

couplings of the backbone and sugar moieties for deoxyoligo-
nucleotides of up to 40 nucleotide residues 1e,2,3 by elimination
of large H29–H20 and H59–H50 geminal coupling constants. It
also decreases the effect of spin-diffusion,1e and increases the
number of nOe constraints 1e,2 in the structure elucidation of
the oligo-DNA.

Dynamic studies of oligo-DNA have mainly been carried
out by deuterium relaxation measurements in the solid state.4

A few dynamic studies 5 in solution based on the measurement
of the relaxation rate of the 13C nucleus have been performed
on oligo-DNA with naturally abundant 13C. These studies
have shed light 5 on how the structure and dynamics of small
or middle-sized DNA molecules are actually perturbed by
interaction with various ligands or drugs.5a These earlier
studies have been restricted to relaxation measurements of
the methine-carbons such as C19, C39 and C49. One of the
serious bottlenecks of these studies is however that they can be
performed only for small molecules because of the severe
spectral overlap encountered in the larger oligonucleotides.

We herein demonstrate for the first time that specific
incorporation of the diastereoselectively deuterium-labelled
29-deoxynucleoside blocks indeed makes it possible to measure
the T1 relaxations of those 29-partially-deuterated methylene
carbons at natural abundance in an oligo-DNA at 1.13 mM
duplex concentration due to reduced spectral overlap. More-
over, we demonstrate that for diastereoselectively deuterated
1H–13C(29)–2H at natural abundant 13C, it is experimentally

possible to observe the shape and splitting pattern of 13C
attached to 2H,6a–d which can potentially be useful for numerical
simulation to extract 6d–f spectral density function parameters.
Thus, this work can potentially provide unique information
about the overall and internal correlation times and the order
parameters of the sugar moieties of oligo-DNA.

Materials and methods
NMR sample preparation

29(R/S),39,59(R/S)-d3-29-deoxynucleosides [29-2H (S): ~85
atom% 2H; 20-2H (R): ~15 atom% 2H; 39-2H: >97 atom% 2H; 59-
2H/50-2H (R/S) ~50:50 atom% 2H] and 29(R/S),39,49,59,50-d5-29-
deoxynucleosides [29-2H (S): ~85 atom% 2H; 20-2H (R): ~15
atom% 2H; 39- and 59-2H: >97 atom% 2H; 49-2H: ~65 atom%
2H] were obtained by methods described by us earlier.1e The
duplex I, d59(1C2G3C4G5A6A7T8T9C10G11C12G)2

39, contains
selectively incorporated 29(R/S),39,49,59,50-d5-29-deoxynucleo-
side residues at positions shown by underlining. The duplex
II, d59(1C2G3C4G5A6A7T8T9C10G11C12G)2

39, has uniformly
incorporated 29(R/S),39,59(R/S)-d3-29-deoxynucleosides.2 Both
duplexes I and II were prepared by standard phosphoramidite
chemistry on the solid phase. Purified samples (~1.13 mM for
duplex I and 2.5 mM for duplex II) were dissolved in 0.6 ml of
the following buffer for NMR measurements: 100 mM NaCl,
10 mM NaH2PO4, 10 µM EDTA, pH 7.0 in D2O.

NMR experiments

The NMR experiments were carried out on Bruker DRX
spectrometers at magnetic field strength 14.1 T, operating at
600.13 MHz for 1H, 242.93 MHz for 31P, 150.91 MHz for 13C
and 92.12 MHz for 2H, and at magnetic field strength of 11.7 T
operating at 500.03 MHz for 1H, 125.74 MHz for 13C and 76.76
MHz for 2H. Both spectrometers were equipped with a Bruker
digital lock and with a switching 2H lock–2H pulse device.
The 600.13 MHz spectrometer was equipped with an inverse
triple-resonance probehead for 1H, 13C and 31P (TXI). 1H, 13C
and 31P pulses on this probehead were applied with a 31.7,
17.2 and 15.4 kHz field strengths, respectively. 13C and 31P
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decoupling were performed using GARP 7a with 4.17 and 1.79
kHz field strengths. For the 90 and 1808 2H pulses the probe
power after the switching block was 6.4 W which corresponds
to a 2.08 kHz applied field. 2H decoupling utilised a
WALTZ16 7b sequence using a 625 Hz field.

The 500.03 MHz spectrometer was equipped with a triple-
resonance selective probehead for 13C and 2H (TXO). 1H and
13C pulses were applied with a 24 and 40 kHz field, respectively.
This strength of 13C pulses allowed us to excite the region
between 13C(59) and 13C(29) resonances and neglected the offset
effect on measurement of T1 relaxation of 13C as we have shown
earlier in our relaxation study on deuterated nucleosides.3

13C decoupling was performed using GARP with a 4.17 kHz
field strength. For the 90 and 1808 2H pulses, the probehead
power after the switching block was 43.0 W which corresponds
to an 11.4 kHz applied field. 2H decoupling utilised a
WALTZ16 sequence using a 1.3 kHz field (0.6 W).

To avoid the spinning artifacts, all spectra were measured on
non-spinning samples.

The experimental conditions for standard HSQC 8 experi-
ments with deuterium or phosphorus decoupling are listed in
the legends of figures. Apodisation, zero-filling and Fourier
transformation led to a digital resolution of 1.03 Hz/point
in the F1 and 2.93 Hz/point in the F2 dimension for experi-
ments with SW(13C) = 28 ppm and 4.91 Hz/point in the F1
and 2.44 Hz/point in the F2 dimension for experiments with
SW(13C) = 80 ppm.

The determination of T1 relaxation time of 13C in the 1H–
13C(29)–2H fragment by 2D experiment. Fig. 1 shows the pulse
sequence used to record 13C T1 values originally proposed by
Kay 9 with the only difference being that during 13C chemical
shift evolution in the t1 period, followed by a reverse INEPT
transfer step from 13C to 1H, the WALTZ16 modulation 7b on
deuterium was used to decouple 13C from deuterium. The train
of 1H 1258 pulses was applied every 5 ms before inversion and
during recovery of the 13C magnetisation in the same way as
proposed 9 to minimise the effects of cross-relaxation and from
intramolecular dipolar and CSA cross-correlation. The data
sets were recorded as a 4K × 128 real matrix with 512 scans for
13C relaxation measurement for each t1 value and a spectral
width of 10 ppm in F2 and 100 ppm in F1 with the carrier for
1C, 13C, 2H at 4.8, 50 and 4.8 ppm, respectively.

Data evaluation in 2D experiments. The spectra were pro-
cessed and analysed on a Silicon Graphics workstation using

Fig. 1 The pulse sequence employed for the measurements of T1 of
the 13C nucleus was implemented with a TXO probe. In this sequence,
narrow and wide boxes indicate 90 and 1808 pulses, respectively, and
unless otherwise indicated, all pulses are applied along the x-axis. The
values of τ1 and τ2 were set to 1.79 ms [~1/(4JCH) with JCH = 140 Hz].
WALTZ decoupling 7b of 2H during pulsing was achieved using a 1.3
kHz field. GARP 7a decoupling of 13C during acquisition was achieved
using a 4.17 kHz field strength. Phase cycling used in experiments is
φ1 = x, 2x; φ2 = x; φ3 = 8(x), 8(2x); φ4 = 2(x), 2(y), 2(2x), 2(2y);
φ5 = 8(y), 8(2y); and receiver is ψ = 2(x, 2x, 2x, x), 2(2x, x, x, 2x).
Quadrature detection in the F1 dimension was achieved with TPPI
on φ2. Weak presaturation of the solvent was used. The cascades of
1358 proton pulses have been applied with repetition rates of 5 ms
during 1.5 s in prescan delay and relaxation delay VD.

XWINNMR v. 2.1 and AURELIA programs (BRUKER).
Apodisation, zero-filling and Fourier transformation led to a
digital resolution of 12.27 Hz/point in the F1 and 1.22 Hz/point
in the F2 dimension. For the evaluation of the T1 relaxation
time the volumes of cross-peaks in the series of 2D spectra
(Fig. 1) were fitted to a single exponential, depending on the
relaxation delay using eqn. (1), where T1 is the relaxation rate,

V(∆) = V(0)exp(2∆/T1) (1)

V(∆) and V(0) are the volumes of cross-peaks at time ∆ (defined
in Fig. 1 as VD) and zero time.

The fit (Fig. 2) was performed using a least squares mini-
misation procedure using program PROFIT 4.2. The mono-

Fig. 2 Panel A shows the normalised T1 decay curves of 13C nuclei at
natural abundance for 29(R/S),39,59(R/S)-d3-thymidine (30 mg in 0.6 ml
of D2O) and Panel B shows for selectively deuterated oligo-DNA [i.e.
d59(1C2G3C4G5A6A7T8T9C10G11C12G)2

39, duplex I] with deuterated 3C,
5A, 8T and 10G nucleotides, obtained from the volume of cross-peaks in
1H–13C 2D correlation spectra (see Fig. 1) (NS = 128 and 512) as a
function of relaxation delay, VD. In Panel A, the experimental data
points (experiments with 14 different relaxation delays have been per-
formed) are marked by (j) for 13C(29) and by (h) for 13C(49) nuclei.
In Panel B, the experimental data points for 13C(29) nuclei of deuterated
3C, 5A, 8T and 10G nucleotides are marked by (s), (h), (d) and (j)
symbols, respectively, with 12 different relaxation delays. The curves
show the best-fits to single-exponential decays. The corresponding
datasets are listed in Table 1.
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exponential character of decay was tested using Monte Carlo
procedures as established in the literature.10

Results and discussion
(A) Two expanded plots of the 1H(29)/H(20)–13C(29) region of
two 1H–13C correlation experiments are presented in Fig. 3.
Panel A shows the standard HSQC 8 experiment [i.e. Fig. 3(A)],
whereas Panel B [i.e. Fig. 3(B)] shows the spectrum as a result
of spectral editing 11 performed with the pulse sequence shown
in Fig. 1 for selectively deuterated oligo-DNA duplex I [i.e.
d59(1C2G3C4G5A6A7T8T9C10G11C12G)2

39, with deuterated 3C, 5A,
8T and 10G nucleotide residues]. All 29-carbons in duplex I are
visible in Fig. 3(A) as well as the intractable spectral overlap.
The experiment in Fig. 3(B), however, allows us to successfully
select only those 1H–13C(29) cross-peaks resulting from
partially-deuterated C29 which has both proton and deuterium
(85 atom% 2H) covalently bonded to it (i.e. only the partially-
deuterated C29 methylene-carbons in 3C, 5A, 8T and 10G nucleo-
tide residues in duplex I) and exclude the 29 and 59 protonated
methylene-carbons from the non-deuterated nucleotide residues
in duplex I.

Fig. 3 Comparison of standard [1H,13C]-HSQC spectra with
deuterium decoupling (Panel A) with the [1H,13C] correlation spectra
(Panel B) using the pulse sequence in Fig. 1 of duplex I,
d59(1C2G3C4G5A6A7T8T9C10G11C12G)2

39, with deuterated 3C, 5A, 8T
and 10G nucleotides at 13C in natural abundance. Both Panels A and B
show the H29/H20–13C(29) region. In Panel B all four H20–13C(29)
cross-peaks are clearly observed; they are marked by residue number. In
Panel A, the H20–13C(29) area is crowded because of the presence of all
H29–13C(29) and H20–13C(29) cross-peaks in duplex I. The total meas-
urement time of the standard [1H,13C]-HSQC experiment was ~18 h:
256 × 2K complex t1 and t2 points were acquired with acquisition times
of 0.029 and 0.103 s, respectively, with 128 scans; the sweep width of
the 13C dimension was 180 ppm with the carrier for 13C at 71.6 ppm.
The total measurement time of the [1H,13C] experiment in Panel B was
~44 h: 128 × 2K complex t1 and t2 points were acquired with acquisition
times of 0.003 and 0.205 s, respectively, with 512 scans; the sweep width
of the 13C dimension was 100 ppm with the carrier for 13C at 50.0 ppm.
The experiment was carried out with VD = 10 ms (see Fig. 1). WALTZ
decoupling 7b of 2H during pulsing was achieved using a 1.3 kHz field.

(B) The experiment presented in Fig. 3(B) allows us to
perform the relaxation time measurement of 13C nuclei of
partially deuterated-methylene fragments of nucleotide residues
bearing diastereomeric proton and deuterium. We herein have
illustrated the sensitivity of this experiment by perfoming the
T1 measurement of 13C at natural abundance with a 1.13 mM
duplex in 0.6 ml of deuterium oxide. The decays of volume of
13C(29)–H29 cross-peaks for four 3C, 5A, 8T and 10G nucleotide
residues of dodecamer I versus the relaxation delays (VD) are
shown in Fig. 2(B), and Table 1 shows the resulting T1 data.
For comparison, the decays of volume of 13C(29)–H29 and
13C(49)–H49 cross-peaks from 29(R/S),39,59(R/S)-d3-thymidine
(30 mg in 0.6 ml of deuterium oxide) are presented [Fig. 2(A)].
The longitudinal relaxation times for 29(R/S),39,59(R/S)-d3-
thymidine are listed in Table 1 together with data obtained
from the 1D version of the inversion recovery experiment.
Comparison of these data shows that the T1 relaxation times
obtained by the 2D method are well within the experimental
error (±5%) 3 for data obtained from conventional inversion
recovery experiments.

Our earlier studies 3 have shown the influence of deuterium
on the T1 and T2 relaxation of 13C in fully-deuterated 39-
methine and partially-deuterated methylene (1H–13C–2H at 29
and 59 positions) fragments using selectively 2H labelled nucleo-
side blocks [29(R/S),39,59(R/S)-d3-nucleosides] with natural 13C
abundance. It was found 3,6a–d,12 that the quadrupolar-dd(13C–
2H) cross-relaxation only strongly participates in the transverse
relaxation rate of 13C of deuterated-methine type carbons.
It was also found to be possible to extract pure dipole–dipole
T1 and T2 terms of 13C of methylene (1H–13C–2H) groups in a
sugar moiety of a nucleoside residue since the effects of dipole–
dipole cross-correlation between 1H–13C and 2H–13C groups are
smaller than in the 13C(1H)2 spin system.13

(C) Another application of deuterated nucleoside with
natural abundance carbon is based on the analysis of the
shape of 1H–13C(29) cross-peaks to estimate 3J31P–13C(29)

coupling constants. In Fig. 4(A), the folding 14 HSQC experi-
ment with 2H decoupling on duplex II, d59(1C2G3C4G5A6A-
7T8T9C10G11C12G)2

39 [all natural nucleosides are replaced
with 29(R/S),39,59(R/S)-d3-29-deoxynucleosides], is presented.
In addition to the obvious benefits such as the elimination of
geminal coupling constants in the sugar moiety 1e,2 for accurate
determination of vicinal coupling constants (3JH19H29, 

3JH19H20,
3JH49H59 and 3JH49H50), the increases of intensities of 1H–13C(29)
cross-peaks are clearly observed in Fig. 4(A). This experiment
also provides a unique opportunity for the determination of
the 3J31P–13C(29) coupling constant which is very important for
distinguishing between BI and BII types of sugar conformation
of DNA.15 Our data show that the 3J31P–13C(29) coupling con-
stants for the Dickerson-Drew dodecamer II investigated in this
work are well below the linewidth of cross-peaks in the F1

Table 1 Longitudinal (T1) relaxation times for 13C(29) for four deuter-
ated residues of duplex I and for 29(R/S),39,59(R/S)-d3-thymidine at
11.7 T at 298 K (TXO probe)

Compound

Duplex I

29(R/S),39,59(R/S)-d3-thymidine

Type of
carbon nucleus

3C(29)
5A(29)
8T(29)
10G(29)

13C(29)(2H,1H)

13C(49)(1H)

T1/s

0.44 ± 0.04 a

0.51 ± 0.02 a

0.36 ± 0.02 a

0.35 ± 0.02 a

1.14 ± 0.06 a

(1.10 ± 0.03) b

0.87 ± 0.03 a

(0.87 ± 0.05) b

a Data obtained using 2D experiment using the pulse program as
shown in Fig. 1. b Data obtained using 1D inversion recovery experi-
ment.
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Fig. 4 Comparison of the standard [1H,13C]-HSQC spectra with deuterium decoupling (Panels A) and without deuterium decoupling (Panels B)
of deuterated duplex II, d59(1C2G3C4G5A6A7T8T9C10G11C12G)2

39, with 13C at natural abundance. Both Panels A and B show the H29/H20–13C(29)
region, but only the H20–13C(29) cross-peaks are observed (marked by residue number) because H29 has been replaced by 2H in all 29(R/S),39,59(R/
S)-d3-29-deoxynucleosides. The total measurement time was ~18 h: 1292 × 4K complex t1 and t2 points were acquired with acquisition times of
0.077 and 0.170 s, respectively. The number of scans was 128 and 256, respectively. Both HSQC experiments were performed with extensive folding 14

in the F1 dimension: the sweep width of the 13C dimension was 28 ppm with the carrier for 13C at 38 ppm in the 13C(29) region. The experiments
were carried out at a magnetic field strength of 14.1 T. WALTZ decoupling 7b of 2H (or 31P) during pulsing was achieved using a 625 Hz (or 1.785
kHz) field. The projection through the H20–13C(29) cross-peak in the F1 dimension has been shown, only as an example, for the 2G residue (a part of
the signal of the 10G residue is also seen) in Panel A1 in deuterium decoupled mode showing that the pseudosinglets for 3J31P–13C(29) are visible
because this coupling constant is less than the linewidth of the resonance (<2 Hz). It is noteworthy that similar pseudosinglets have been observed for
all nucleotide residues suggesting a BI-type conformation for the phosphate backbone for duplex I. In Panel B2, there is only 31P decoupling applied
(no deuterium decoupling), thereby allowing us to observe the 13C(29)–2H splitting in the methylene triplet for the 2G residue.

dimension (<2 Hz) which correspond to the BI type con-
formation 15 of DNA for all residues.

(D) Recent numerical simulations 6e,f (which are also experi-
mentally validated 6) of the shape of the 13C–2H methine-triplet
at isotropic rotation correlation times ranging from 10 ps to 500
ns have shown its coalescence into a singlet at the T1-minimum
(at a τR ~ 1–3 ns), followed by the appearance of the asymmetry
of the triplet at correlation times longer than the T1-minimum.6

The asymmetric multiplet patterns observed are shown 6,12 to
arise from the dynamic frequency shift. Recently, the effects of
the internal motion on the predicted lineshape have also been
considered theoretically.6f It was concluded 6f that increasing the
disorder of a molecule causes a reduction of the multiplet
asymmetry as well as sharper component lines of the multiplet.

In our work (Fig. 5), we have performed a series of

temperature-dependent 1D 13C experiments on 29(R/S),39,59(R/
S)-d3-thymidine in a mixture of deuterium oxide and ethylene
glycol (1 :1, v/v) with overall correlation times (τR) ranging
from 0.5 to 12.5 ns (see the legend of Fig. 5). It is clear from
Fig. 5 that the C29, C39 and C59 triplets have collapsed at
different temperatures, showing that the dynamics in 29(R/
S),39,59(R/S)-d3-thymidine are indeed variable [the 13C(39)
methine-carbon has collapsed at T ≈ 273 K, whereas 13C(29)
and 13C(59) methylene-type carbons have collapsed at T ≈ 278
K]. The overall τR for thymidine thus corresponds to ~3.5–4.4
ns between 273–278 K. For a correlation time of 1 ns (at 308 K)
the symmetrical triplet is clearly observed for all three types
of carbons, and the appearance of triplet asymmetry for
correlation times longer than the T1-minimum is not detectable
even at τR > 12.5 ns. This phenomenon could be attributed to
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the lower value of an order parameter (S) for 29(R/S),39,59(R/
S)-d3-thymidine, and details of these studies will be published
elsewhere.

The above study has been subsequently extended to the
12mer duplex II through the folding HSQC experiment with
31P decoupling (no 2H decoupling) to observe the splitting of
13C(29) in the F1 dimension due to 2H coupling [Fig. 4(B1)].
This experiment shows that the triplet pattern for 13C(29)–2H
coupling is clearly visible at natural 13C abundance, which is
evident from the projection through the 1H–13C cross-peak in
the F1 dimension [Fig. 4(B2)]. The observation of 13C(29)–2H
splitting shows that the T1-minimum has not been reached till
298 K for duplex II, which semiquantitatively allows us to
define the upper limit of the overall correlation time. In this
particular case, it is 4–5 ns. Clearly, more quantitative
determination of the correlation times can be obtained by the
simulation of the triplet pattern according to the literature
procedure.6e,f Thus, the measurement of the correlation time
and the relaxation parameters of any specific part in the DNA
duplex, which has a selective deuterium labelling at natural 13C
abundance [29- and/or 59-methylene C(1H,2H) part], can be
extracted from the line-fitting of the 13C splitting as well as from
the T1 (and T2) measurement of the filtered 13C as mentioned
above at a duplex concentration of around 2.5 mM.

Conclusions
(1) It has been shown here that it is possible to obtain relaxation
data from a specific part in an oligo-DNA at natural 13C

Fig. 5 1D 13C spectra at natural abundance with proton decoupling of
29(R/S),39,59(R/S)-d3-thymidine (30 mg in 0.6 ml of 50% deuterium
oxide and 50% ethylene glycol) at various temperatures (indicated on
the left side of the spectra) are shown at a magnetic field strength of
11.7 T. Three different spectral regions for the methine triplet of 13C(39),
and the methylene triplet of 13C(59) and 13C(29) from 253 to 328 K are
also shown. The overall correlation times obtained from T1 and T2

relaxation data of 2H (details will be published elsewhere) are respect-
ively as follows: 12.5, 7.3, 4.4, 3.5, 2.2, 1.5, 1.0, 0.7 and 0.5 ns.

abundance at a concentration of 1.13 mM. This can be easily
achieved at natural abundant 13C provided the methylene
[1H–13C(29)–2H] group in the sugar moiety is selectively
deuterium labelled, without limiting the sensitivity of the
HSQC experiment.

(2) In this work, we have been also able to extract the splitting
pattern of 13C(2H) from the 1H(20)–13C(29) cross-peak with 13C
at natural abundance at 2.5 mM concentration (which is still
below the aggregation concentration of the duplex) which pro-
vides an opportunity to obtain dynamic information on DNA.6

Clearly, the sensitivity of the folding HSQC experiment in
Fig. 4 at 2.5 mM was not adequate with the presence of 50
atom% 1H/2H at C59 in duplex II because the effective 1H con-
centrations at C29 and C59 in duplex II are 2.1 and 1.25 mM,
respectively. Furthermore, the H59/50 resonances are nearer to
the water resonance than the chemical shift of H29/20, which
reduces the signal to noise ratio for the cross-peaks between
H59/50 and C59 much more than for the H29/20–C29 cross-peak.
Thus our work shows that the increase of the concentration of
the oligo-DNA is not the answer for the enhancement of the
sensitivity of the HSQC experiment at natural abundance of
13C. The only way we can enhance the sensitivity of detection
of both C29 and C5 at natural 13C abundance is to substitute
one of the methylene protons at C29 or C59 with deuterium
stereospecifically, which is in progress in this lab.

(3) Determination of 3J31P–13C(29) coupling constants makes
it possible to distinguish between BI and BII types of sugar
conformation of DNA.15

(4) The T1 relaxation rates of specific carbons are useful to
understand differential dynamic properties across the DNA
molecule. The T1 measurement of C29(2H) is also useful to
extract the overall correlation times. The measurement of the
correlation times together with the 3J31P–13C(29) coupling con-
stants, increased number of nOe constraints (308 for duplex II
whereas they are only 188 for the natural counterpart 2) and
homonuclear vicinal couplings obtained due to stereospecific
deuterium incorporation in the sugar moieties of constituent
nucleosides 2 improves the quality of the structure elucid-
ation of DNA duplex by increasing the number of NMR con-
straints. Clearly, this set of NMR constraints can be further
improved by extracting the T1 of C59(2H) and 3J31P–13C(59) from
an appropriately labelled oligo-DNA.
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