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Abstract

The sugar conformation of a DNA decamer was studied with proton-proton3J coupling constants. Two samples,
one comprising stereospecifically labeled 2′-R-2H for all residues and the other 2′-S-2H, were prepared by the
method of Kawashima et al. [J. Org. Chem.(1995)60, 6980–6986;Nucleosides Nucleotides(1995)14, 333–336],
the deuterium labeling being highly stereospecific (≥ 99% for all 2′′-2H, ≥ 98% for 2′-2H of A, C, and T, and
≥ 93% for 2′-2H of G). The3J values of all H1′-H2′ and H1′-H2′′ pairs, and several H2′-H3′ and H2′′-H3′ pairs
were determined by line fitting of 1D spectra with 0.1–0.2 Hz precision. The observed J coupling constants were
explained by the rigid sugar conformation model, and the sugar conformations were found to be between C3′-exo
and C2′-endo with8m values of 26◦ to 44◦, except for the second and 3′ terminal residues C2 and C10. For the C2
and C10 residues, the lower fraction of S-type conformation was estimated from JH1′H2′ and JH1′H2′′ values. For
C10, the N–S two-site jump model or Gaussian distribution of the torsion angle model could explain the observed
J values, and 68% S-type conformation or C1′-exo conformation with 27◦ distribution was obtained, respectively.
The differences between these two motional models are discussed based on a simple simulation of J-coupling
constants.

Introduction

The deoxyribose conformation is one of the most
important parameters for describing a nucleic acid
structure. It has been extensively studied and reported
to be a single conformation or an equilibrium be-
tween the N-type (C3′-endo) and S-type (C2′-endo)
conformations (Rinkel and Altona, 1987; Widmer and
Wüthrich, 1987; Bax and Lerner, 1988; Salazar et al.,
1993; Wijmenga et al., 1993; Schmitz and James,
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1995; Conte et al., 1996). In such studies accurate and
precise3JHH values between the sugar protons are re-
quired. Spin simulation methods of 2D COSY such as
SPHINX and LINSHA (Widmer and Wüthrich, 1986)
or advanced heteronuclear techniques such as HCCH-
E.COSY (e.g. Ono et al., 1994) can give us J coupling
constants with relatively high precision (≤ 0.5 Hz).
More accurate and precise J coupling constants will be
obtained when the stereospecific deuterium-labeling
procedure is applied at the methylene sites (Huang
et al., 1990; Wang et al., 1992; Kawashima et al.,
1993, 1995a, b; Curley et al., 1994; Yang et al., 1997).
With deuterium labeling at the methylene groups the
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spin system is drastically simplified and the dipo-
lar interference with the scalar interaction (Harbison,
1993; Zhu et al., 1994; Cavanagh et al., 1996) is
attenuated, eliminating the strong dipolar interaction
between the two methylene protons (1.75 Å). In this
study, the sugar conformation of a DNA decamer,
d(GCATTAATGC)2, is studied using two deuterium-
labeled samples, one comprising stereospecific 2′-R-
2H at all residues and the other 2′-S-2H. The global
conformation of this DNA oligomer is B-form-like,
as determined by NMR (Chazin et al., 1986; Kojima
et al., 1998a). The labeling efficiency of our procedure
(Kawashima et al., 1993, 1995a, b; Yang et al., 1997)
is higher and more stereospecific than the previous one
(Huang et al., 1990; Wang et al., 1992; Foldesi et al.,
1993; Yamakage et al., 1993; Agback et al., 1994).

Materials and methods

The 2′-R or 2′-S deuterium-labeled 2′-deoxy mono-
nucleotide was prepared by the reported procedure
(Kawashima et al., 1993, 1995a, b). The deuterium
labeling efficiency was estimated to be≥ 99% for
all 2′-R-2H, ≥ 98% for 2′-S-2H of A, C, and T,
and≥ 93% for 2′-S-2H of G on 1H 1D NMR. The
3′-phosphoramidite of each nucleotide was used for
oligonucleotide synthesis with a DNA synthesizer
(Applied Biosystems Inc., ABI 392). The sequence
was 5′-1G2C3A4T5T6A7A8T9G10C-3′, the residue
numbers used in this report being shown. The details
of the purification procedure were reported previ-
ously (Kyogoku et al., 1995). The NMR sample was
dissolved in 400µl of 20 mM phosphate buffer con-
taining 50 mM NaCl, adjusted to pH 6.8, lyophilized
and then dissolved in D2O. The resulting solution was
degassed and kept in a 5 mm tube. The double-strand
concentration was estimated to be 3 mM from the UV
absorbance.

The signal assignments were given previously
(Chazin et al., 1986; Kojima et al., 1998a), and con-
firmed here by DQF-COSY experiments. The stere-
ospecific assignments of the sugar H2′ and H2′′ reso-
nances were easily confirmed, with clear identification
of the H2′ and H2′′ resonances for C10 (overlap-
ping). The DQF-COSY spectra were recorded with a
Bruker ARX 500 spectrometer operating at a1H fre-
quency of 500 MHz at 30◦C, with a spectral width
of 4000 Hz for both dimensions, and 512 hyper com-
plex points for t1 and 512 complex points for t2. A
π/4 shifted sinebell window function was applied and

zero-filled to 1024 real points for both dimensions.
The pulse repetition delay time was 2 s and 128 scans
were employed for each t1 increment. Phase-sensitive
detection in t1 was performed by the TPPI-States
method (Marion et al., 1989). The31P resonance was
decoupled with aπ pulse in t1 and WALTZ16 in t2.

The longitudinal relaxation time, T1, of the H1′
resonance was determined by the inversion-recovery
method. The pulse repetition delay time was 30 s
and 11 inversion-recovery delay times were used:
0.23, 0.48, 0.76, 1.06, 1.40, 1.78, 2.23, 2.75, 3.40,
4.22, and 28.8 s. For each spectrum, 32 scans and
8K complex points per 4000 Hz were recorded, and
zero-filled to 64K points. The peak intensities of the
H1′ resonance in 11 spectra, together with the line
widths and J coupling constants (JH1′H2′ or JH1′H2′′ ),
were obtained with the 1D fitting procedure of FELIX
(Biosym Technologies), and used for the relaxation
time determination with the equation Intensity= I0
∗ [1 − 2 ∗ exp(−t/T1)], where I0 and T1 were op-
timized. 3–5 spectra with a good S/N ratio out of
the 11 were used to measure the splitting of the
well-separated H2′ or H2′′ signals, JH1′H2′+JH2′H3′ or
JH1′H2′′+JH2′′H3′ , respectively. The average line width
and J values were used for further calculation. The er-
ror on averaging was about 0.1 Hz for J values (less
than 0.2 Hz), and 5% for the line width. The ap-
parent transverse relaxation time, T∗2, was related to
the apparent line width, 1/T∗2 = π × line width. The
overall rotational correlation time,τo, was determined
minimizing the difference between the observed and
calculated T1/T2 ratios, with the equations T1/T2 =
(3J(0) + 5J(ω) + 2J(2ω))/(2J(ω) + 8J(2ω)), and
J(nω) = τo/(1+n2ω2τ2

o), where ω is the 1H reso-
nance frequency (2π × 500× 106 rad/s) (Abragam,
1961). The vicinal proton-proton J-coupling constants
were related to the DNA sugar conformation with
the generalized Karplus equation optimized forβ-D-
deoxyribose (Haasnoot et al., 1980; Wijmenga et al.,
1993). For most of the calculations Microsoft Excel 98
(Microsoft) was used with the Solver Add-in function
and Visual Basic-based macro programs.

Results

Effects of deuterium labeling
Three DQF-COSY spectra for the non-labeled, 2′-R
deuterium-labeled (2′-1H, 2′′-2H) and 2′-S deuterium-
labeled (2′-2H, 2′′-1H) decamers are shown in Fig-
ure 1a, b and c, respectively. The cross peaks between
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Figure 1. Two-dimensional DQF-COSY spectra of the (A) non-labeled, (B) 2′-R 2H (2′-1H, 2′′-2H)-labeled, and (C) 2′-S 2H (2′-2H,
2′′-1H)-labeled DNA decamer. The spectra were recorded with a Bruker ARX 500 spectrometer at 30◦C with 512 hypercomplex points
for t1 and 512 complex points for t2, multiplying theπ / 4 shifted sinebell window function for both dimensions, and zerofilled to 1024 real
points for both dimensions. The pulse repetition delay time was 2 s. The phase sensitive detection for t1 was performed by the TPPI-States
method. The31P resonance was decoupled by aπ pulse for t1 and WALTZ16 for t2, but the2H one was not. The sample solution contained
3 mM duplex with 20 mM phosphate buffer and 50 mM NaCl, pH 6.8. The base sequence was 5′-GCATTAATGC-3′. The left panel in each
figure shows the cross peaks between the H1′ (F2) and H2′/H2′′ (F1) resonances, and the right one those between H3′ (F2) and H2′/H2′′ (F1).
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Table 1. T1 and T∗2 values of the H1′ resonance and the overall correlation timeτo for the 2′′- or
2′-deuterium-labeled DNA decamer at 30◦Ca

G1 C2 A3 T4 T5 A6 A7 T8 G9 C10

T1 (s)
2′′-2Hb 2.95 3.34 3.01 3.36 3.20 3.03 2.95 3.12 3.04 3.71

2′-2H 2.84 2.95 3.07 3.11 3.11 2.89 3.05 3.00 2.99 3.33

T∗2 (s)
2′′-2H 0.114 0.089 0.084 0.081 0.081 0.067 0.064 0.072 0.102 0.121

2′-2H 0.068 0.072 0.065 0.069 0.057 0.053 0.052 0.059 0.066 0.087

τo (ns)
2′′-2H 1.8 2.2 2.1 2.3 2.3 2.4 2.4 2.4 2.0 2.0

2′-2H 2.3 2.3 2.5 2.4 2.7 2.7 2.8 2.6 2.4 2.2

aThe non-selective inversion-recovery method and the apparent linewidth (1/T∗
2 = π ∗ half-height full-

linewidth) were used for T1 and T∗2 determination, respectively. The overall correlation time was obtained
by minimizing the difference between each simulated T1/T2 and observed T1/T∗2 ratio. Assuming simple
isotropic tumbling, the T1/T2 values were evaluated as follows, T1/T2 = (3J(0)+ 5J(ω) + 2J(2ω)) /
(2J(ω) + 8J(2ω)), where J(nω) = τo / (1+ n2ω2τ2

o), andω is the spectrometer frequency in rad/s. The
averaged correlation times were 2.3, 2.2, and 2.5 ns for all sets, and the 2′′-2H, and 2′-2H data sets,
respectively.
b2′′-2H is the data set for the stereospecifically deuterium-labeled oligomer, which has the 2′-R deuterium
(2′-1H, 2′′-2H) stereochemical configuration, and on the contrary, 2′-2H is that for (2′-2H, 2′′-1H).

the H2′/H2′′ resonance (ω1) and H1′ (ω2, left) or
H3′ (ω2, right) are shown. In these three spectra the
recording and processing parameters were identical.
Small chemical shift differences were observed among
the three spectra. Most of the differences were up-field
shifts upon deuteration in the sugar ring, and thus these
phenomena can be explained by the secondary isotope
shift. Additionally, slight differences in the solution
conditions may contribute to the small changes in the
chemical shifts. The spin system was simplified and
the apparent line width was remarkably reduced be-
cause of the lack of dipolar and scalar interactions be-
tween the methylene protons. In fact, the longitudinal
relaxation times estimated by null point analyses were
lengthened about 1.5 times for the 1′ proton (data not
shown). The COSY cross peaks between H2′′ and H3′
can be clearly seen in Figure 1c (deuterium-labeled),
but not in Figure 1a (non-deuterium labeled) because
of the broader line width of H2′′ and the complex J-
splitting pattern of the non-labeled sample. Similar
phenomena were seen for the H1′-H2′′ cross peaks.
H2′-H3′ cross peaks of the guanosine residue, indi-
cated by the asterisk in Figure 1c, were seen, which
should not be detected, i.e., the H2′ (= 2′-pro-S) pro-
ton was replaced by deuteron in this sample. This was
not due to the sugar conformation of the guanosine
residues, because it was not different from the others
(Chazin et al., 1986). The cross peaks can be explained
in two ways; first, the efficiency of the deuterium la-

beling for the guanosine residues (≥ 93%) was lower
than for the others (≥ 98%), and second the J-coupling
constants of H2′-H3′ (∼6 Hz) were larger than those
of H2′′-H3′ (∼1 Hz). For the 2′-S deuterium-labeled
sample, however, no cross peak was found between
H1′ and H2′, and the splitting pattern of most cross
peaks in the COSY spectrum was quite simple even
for the guanosine residues. Thus the efficiency of our
deuterium labeling was sufficient to study the J cou-
pling constants for the 2′-R deuterium-labeled (2′-1H,
2′′-2H) sample and the 2′-S deuterium-labeled (2′-2H,
2′′-1H) A, C, and T. The 2′-S deuterium-labeled G may
have small systematic errors in the apparent J coupling
constants, since the suppression of the H2′-H3′ cross
peaks in the COSY spectrum was not perfect.

The longitudinal relaxation time, T1, and the ap-
parent transverse relaxation time, T∗2, of the H1′
resonance are shown in Table 1 for both the 2′-R
and 2′-S deuterium-labeled samples. There are no
big differences in T1 between these two samples (≤
10%) or among the whole residues (≤ 20%). For T∗2
differences are clear between the two samples (20–
40%) and among all residues (40–50%). The longest
T1 and T∗2 were found for the 3′ terminal residue.
Since the intra-residue H1′-H2′′ distance (2.2 Å) is
shorter than that of H1′-H2′ (2.8 Å) for the canoni-
cal B-DNA conformation, both T1 and T∗2 of the 2′-R
deuterium-labeled sample (2′-1H, 2′′-2H) are expected
to be longer than those of 2′-S. Actually, this is true
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Table 2. Observed J coupling constants for the 2′′- or 2′-deuterium-labeled DNA decamer and determined sugar
conformationa

G1 C2 A3 T4 T5 A6 A7 T8 G9 C10

Observed data
JH1′H2′ 9.1 9.4 9.4 9.1 9.4 9.8 8.9 8.6 9.5 7.3

JH1′H2′ + JH2′H3′ 14.7 # # 16.8 16.4 # 15.7 16.3 15.4 #

JH1′H2′′ 6.3 5.2 5.4 6.3 6.0 6.0 5.5 6.3 5.7 6.9

JH1′H2′′ + JH2′′H3′ ## ## ## ## ## ## ## ## ## 10.7

Sugar C3′ C3′ C3′ C2′ C2′ C2′ C2′ C2′ C2′ –

conformation -exo -exo -exo -endo -endo -endo -endo -endo -endo

P (deg) 186.2 201.8 194.1 147.5 156.5 154.8 173.8 165.3 173.6 –

8m (deg) 33.0 52.1 43.6 28.1 30.6 32 32.3 26.3 33.9 –

RMSD 0.2 0.0 0.0 0.2 0.2 0.0 0.5 0.4 0.1 ≥0.7

%S 95 83 86 95 95 102 79 87 92 76

aJ values (in Hz) determined by the fitting of 1D spectra. JH1′H2′ and JH1′H2′ + JH2′H3′ (or JH1′H2′′ and JH1′H2′′ +
JH2′′H3′ ) values were derived from the splitting of the H1′ and H2′ (or H2′′) resonances of the 2′′- (or 2′-) deuterium-
labeled oligomer, respectively.
#: Not determined due to overlap.
##: Not determined qualitatively, but each JH2′′H3′ was estimated to be less than 2.5 Hz based on the splitting pattern
and the line width of the H2′′ signals.
The sugar conformation was characterized by two parameters of the phase angle of pseudorotation, P, and the pucker
amplitude,8m, where each parameter was optimized by minimizing the RMSD between observed and simulated J
coupling constants. For the C10 residue the sugar conformation was not determined uniquely. The approximate fraction
of S-type conformer (%S) was determined by the equation: %S = (61′ − 9.4) / (15.7− 9.4) (van Wijk et al., 1992).

except for T1 of A3 and A7. The three-dimensional co-
ordinates of this molecule are not available so far, but
once available, a complete relaxation matrix calcula-
tion (e.g. CORMA (Keepers and James, 1984)) would
explain the difference between them more clearly. As-
suming the apparent T∗2 as a real T2, the ratio of T1
to T∗2 is related to the overall correlation time for each
residue. When the proton-proton dipolar interaction is
a dominant relaxation mechanism for the H1′ proton,
T1/T2 = (3J(0)+ 5J(ω) + 2J(2ω))/(2J(ω)+ 8J(2ω)),
whereω= a spectrometer frequency, and J(nω)= τo /
(1+n2ω2τ2

o) for a rigid isotropic molecule. The calcu-
lated correlation time,τo, is in the range of 1.8 to 2.8 s,
and the average value is 2.3 ns. The sequence depen-
dent differences are below 0.6 ns for both the 2′-R and
2′-S deuterium-labeled samples. They exhibit a similar
tendency, that is, the apparent overall correlation times
of T5, A6, A7, and T8 are larger than those of the oth-
ers. If the TAAT part (from T5 to T8) of our DNA has a
more rigid structure than the others on the nanosecond
time scale, the experimental variation in the correla-
tion time depending on the sequence can be explained.
However, this is one of the possible explanations, thus
the details of the motion should be examined using
other methods (see Lane, 1993; Kojima et al., 1998b).
Another feature is that the correlation time of the 2′-R

deuterium-labeled sample is always smaller than that
of 2′-S. The difference is about 0.3 ns (0.1–0.5 ns)
and thus relatively small (≤ 20%), but these system-
atic differences should not be neglected. The overall
correlation time should be unique for both samples,
thus the difference seemed to originate from the sam-
ple preparation and/or the correlation time estimation.
However, the average correlation time of 2.3 ns agreed
with the empirical value of 2∼ 3 ns estimated from the
relation between the correlation time and the number
of base pairs (Eimer et al., 1990; Lane, 1993).

Proton-protonJ-coupling constants and sugar
conformation
The proton-proton vicinal J-coupling constants (3JHH)
determined by the 1D fitting procedure (vide supra)
are shown in Table 2 for both the 2′-R and 2′-S
deuterium-labeled samples. Two values, JH1′H2′ and
JH1′H2′ + JH2′H3′ , were obtained from the splitting of
the H1′ and H2′ resonances of the 2′-R deuterium-
labeled sample, and another two, JH1′H2′′ and JH1′H2′′
+ JH2′′H3′ , from the splitting of the H1′ and H2′′ res-
onances of the 2′-S deuterium-labeled sample, respec-
tively. The long-range J-couplings were not consid-
ered. Each H1′ signal is a doublet, and the difference
between the frequencies is assumed to be JH1′H2′ or



24

JH1′H2′′ . On the contrary, the splitting pattern of the
H2′ or H2′′ resonance is complex, i.e., a doublet,
triplet or quartet. This depended on the line width
and two J values, JH1′H2′ and JH2′H3′ , for the 2′-R
deuterium-labeled sample, and JH1′H2′′ and JH2′′H3′ for
2′-S. A doublet is observed when one of the J values
is much smaller than the line width and the other is
larger, and this is the case for the H2′′ resonance ex-
cept for that of the 3′ terminal residue C10, which
is a triplet. A triplet is observed when the difference
between the two J values is much smaller than the
line width, and this is the case for the H2′ resonance.
In both cases the sum of the J-coupling constants,
JH1′H2′ + JH2′H3′ or JH1′H2′′+JH2′′H3′ , was determined
from the frequency difference between the outer peaks
of the H2′ or H2′′ splitting, respectively. All JH1′H2′
and JH1′H2′′ values, six of the ten JH1′H2′ + JH2′H3′
values, and one JH1′H2′′ + JH2′′H3′ value were deter-
mined quantitatively. Four JH1′H2′ + JH2′H3′ values
were not determined due to peak overlap. Nine JH1′H2′′
+ JH2′′H3′ values were not determined quantitatively,
but the JH2′′H3′ values were semi-quantitatively as-
sumed to be less than 2.5 Hz. This is because the H2′′
resonance is a clear doublet and the observed JH1′H2′′
values, 5–7 Hz, were equal to or larger than the line
width, 3–7 Hz. It should be noted that these J-coupling
constants cannot be determined so easily and precisely
without stereospecific deuterium-labeling.

These determined J-coupling constants were used
for conformational analysis of deoxyribose. Using the
Karplus equation (Haasnoot et al., 1980; Wijmenga
et al., 1993) the pseudo-rotation angle P and pucker
amplitude8m were optimized by minimizing the root
mean square differences, RMSD, of the observed
and simulated J-coupling constants. As shown in Ta-
ble 2, most residues except for C10 were judged to
be acceptable based on the following two criteria: (1)
RMSD is less than 0.7 Hz and (2) JH2′′H3′ is less than
2.5 Hz except for C10. The RMSD criterion of 0.7 Hz
was determined from the sum of two errors, 0.1–
0.2 Hz originating from the experiment and 0.48 Hz
from the Karplus parameter. The Karplus parameter
used here was previously determined by Altona and
his collaborators, who optimized 315 proton-proton
vicinal J-coupling constants, and the intrinsic error
was obtained from the RMSD of the fitting, 0.48 Hz
(Haasnoot et al., 1980). Thus the observed proton-
proton vicinal J-coupling constants were explained by
the rigid single conformation for most residues. The
exception, the 3′ terminal residue C10, was carefully
examined as shown later.

The determined pseudo-rotation angle P and
pucker amplitude8m were in the empirically accept-
able ranges as S-type sugar conformation, where P
= 162◦ ± 40◦ and8m = 36.4◦ ± 10◦. The8m value
of the C2 residue was exceptionally large. As seen
in the cases of the C2 and A3 residues, the small
difference in the observed J values caused the large
differences in the determined conformational parame-
ters (see Table 2). That is, even though the error of the
observed J values was small (0.1–0.2 Hz), that of the
determined conformational parameters could be rela-
tively large (∼ 10◦ for 8m). There was a possibility
that the single conformation model was not appropri-
ate for the C2 residue. The approximate fraction of
S-type sugar conformation was calculated using a sim-
ple equation, %S = (S1′ −9.4) / (15.7−9.4) (van Wijk
et al., 1992), with observed JH1′H2′ and JH1′H2′′ . The
results are given in Table 2, and the C2, A3, A7, T8,
and C10 residues showed a lower fraction. Thus for
the C2 residue, the lower fraction of S-type confor-
mation may be more probable since its8m value was
exceptionally large.

Motional models and the sugar conformation of the 3′
terminal residue
The 2′-deoxyribose ring of the 3′ terminal residue
could be flexible and the observed J values may have
some contribution from local motion through time av-
eraging. Here one rigid conformational model and two
motional models were considered to take into account
the motional averaging, (A) no fluctuation, (B) classi-
cal harmonic motion, and (C) two-site jump motion.
The basic assumption for model (A) is the presence
of a quite stable single conformation characterized by
two parameters, the phase angle of pseudorotation,
P, and the pucker amplitude,8m. This model (A)
was already used to determine the sugar conforma-
tion (vide supra). In model (B) the classical harmonic
motion described as the Gaussian distribution (stan-
dard deviationσ) of a dihedral angle (Brüshweiler and
Case, 1994) is considered. This model is characterized
by three parameters, P,8m, andσ. The last model (C)
is based on the two-site jump motion between the N-
and S-type sugar conformations (e.g., Rinkel and Al-
tona, 1987). Principally the two-site jump model needs
the five parameters, PN,8mN, PS,8mS, and %S; P and
8m being for the N- and S-type sugars and the percent
fraction of S-type sugar, respectively. Since the num-
ber of observed J values was three, two parameters, PN
and8mN, were determined empirically and kept dur-
ing the calculation, i.e., PN = 22◦ and8mN = 36.4◦,
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which were the mean values for the 14 published X-
ray structures of N-type deoxyribose (van Wijk et al.,
1992). With our treatment, models (A), (B), and (C)
had two (P,8m), three (P,8m, σ), and three (PS,8mS,
%S) adjustable parameters, respectively.

The Gaussian distribution of a dihedral angle
model (Brüshweiler and Case, 1994) has been ap-
plied to the generalized Karplus equation (Kojima
et al., 1998a), but not yet for conformational analysis
of the DNA sugar ring. The conformational averag-
ing effects of cos(nθ) and sin(nθ) were analytically
expressed forσ � π as exp(−n2σ2/2)∗cos(nθ) and
exp(−n2σ2/2)∗sin(nθ), respectively, whereθ andσ are
the center and standard deviation of the Gaussian dis-
tribution, and n is a natural number. In Table 3 the
generalized Karplus equations forβ-D-deoxyribose
(Haasnoot et al., 1980; Wijmenga et al., 1993) charac-
terized by the Gaussian distribution model are shown.
Here8HH, 8m, P, andσ are the dihedral angle, the
pucker amplitude, the phase angle of pseudorotation,
and the standard deviation of the dihedral angle8HH,
respectively. The unit forσ is radian, while the others
(8HH, 8m, P) are in degrees.1J is a correction term
for the Barfield transmission effect (Barfield, 1980; de
Leeuw et al., 1983). Since the1J term is not treated
as a deviation of the dihedral angles in our Gaussian
distribution model, these equations may have small
systematic errors in the range of 144◦ < P< 324◦ for
JH1′H2′′ and 198◦ < P< 378◦ for JH2′H3′ if σ 6= 0.

Using the Karplus equations listed in Table 3 the
adjustable parameters of each motional model were
optimized by minimizing the RMSD of the observed
and simulated J-coupling constants. Three J-coupling
constants, JH1′H2′, JH1′H2′′ and JH1′H2′+JH2′H3′ , were
used for the optimization. The resulting parameters are
shown in Table 4. The bold values were judged to be
acceptable based on the criteria used in Table 2. As de-
scribed above, the single conformation model, model
(A), was not acceptable. However, assuming the fluc-
tuation of the sugar dihedral angles about 27◦ (model
B) or the equilibrium between the N- and S-type sugar
conformations with the 68% S-type fraction (model
C), the observed proton-proton vicinal J-coupling con-
stants were well explained. Empirically, the sugar
pucker amplitude8m has been found between 26◦ and
44◦ in 65 published X-ray structures of deoxyriboses
(van Wijk et al., 1992), thus8m = 21◦ in model (B)
is unacceptably low. The fluctuation angleσ = 27◦ in
model (B) is quite large judged from its basic assump-
tion σ � π. On the contrary, all parameters in model

(C) appear to be reasonably acceptable. As a result,
model (C) is more probable than model (B).

Discussion

Stereoselective deuterium labeling
Deuterium labeling has been used in NMR studies on
proteins and nucleic acids for more than 30 years, and
now it is an essential technique for the analysis of
larger molecules (e.g. Kay and Gardner, 1997; Gard-
ner and Kay, 1998; and references therein). In most
cases 50–90% uniform labeling is employed instead
of stereoselective labeling because the former is easier
than the latter in sample preparation. Both procedures
can suppress the proton-proton dipolar interaction and
the dipolar interference in J-coupling (Harbison, 1993;
Zhu et al., 1994; Cavanagh et al., 1996) by diluting
the proton density. The apparent line widths will be
different because of the differences in the J-coupling
constants and the isotope shifts with the two methods.
Uniform deuterium labeling produces an ensemble of
the isotopomers but stereo-selective deuterium label-
ing yields only one isotopomer, that is, a uniformly
labeled sample has an ensemble of J-coupling con-
stants and chemical shifts. The resulting apparent line
width of a uniformly labeled sample is larger than
that of a stereoselectively labeled sample (Kushlan
and LeMaster, 1993). The COSY spectrum of a uni-
formly labeled sample will not be much different from
that of a non-labeled sample, as there are identical
numbers of cross peaks with a complicated splitting
pattern. Theoretical NOE analysis of a uniformly la-
beled sample is quite difficult (Zolnai et al., 1998)
due to the presence of the isotopomer ensemble. Thus,
in general, information obtained from a stereoselec-
tively deuterium-labeled sample is more quantitative
than that from a uniformly labeled sample.

Stereoselective deuterium labeling at the 2′ po-
sition has several advantages. The most important
one is the simple and precise determination of the J-
coupling constants, as shown in this report. This is
mainly due to the elimination of the large J-coupling
constants (∼ 14 Hz) and the strong dipolar interac-
tion (1.75 Å) between the methylene protons. The
absence of the geminal J-coupling constant leads not
only to simplification of the spin system but also to
elimination of the ambiguity hidden in the geminal J-
coupling constant value itself. The J-coupling constant
between the geminal protons of a methylene group
(∼ 14 Hz) has been supposed to be constant and not
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Table 3. Generalized Karplus equations forβ-D-deoxyribose with the Gaussian distribution modela

3JH1′H2′ = 5.6920+ (−0.99) exp(−σ2/2) cos8H1′H2′ + 4.2782 exp(−2σ2) cos28H1′H2′ + (−0.8084) exp(−2σ2) sin28H1′H2′
3JH1′H2′′ = 5.6920+ (−0.99) exp(−σ2/2) cos8H1′H2′′ + 4.2782 exp(−2σ2) cos28H1′H2′′ + (−0.5385) exp(−2σ2) sin28H1′H2′′ + 1J
3JH2′H3′ = 5.8540+ (−0.99) exp(−σ2/2) cos8H2′H3′ + 4.6736 exp(−2σ2) cos28H2′H3′ + (+1.2555) exp(−2σ2) sin28H2′H3′ + 1J
3JH2′′H3′ = 5.8540+ (−0.99) exp(−σ2/2) cos8H2′′H3′ + 4.6736 exp(−2σ2) cos28H2′′H3′ + (+0.9856) exp(−2σ2) sin28H2′′H3′
3JH3′H4′ = 4.5879+ (−0.91) exp(−σ2/2) cos8H3′H4′ + 3.6905 exp(−2σ2) cos28H3′H4′ + (−0.0670) exp(−2σ2) sin28H3′H4′

8H1′H2′ = 121.4+ 1.038m cos(P− 144)

8H1′H2′′ = 0.9+ 1.028m cos(P− 144)

8H2′H3′ = 2.4+ 1.068m cos(P)

8H2′′H3′ = 122.9+ 1.068m cos(P)

8H3′H4′ = −124.0+ 1.098m cos(P+ 144)

1J =
{
−2.0 cos2(P− 234) for 144◦ < P< 324◦ for JH1′H2′′
−0.5 cos2(P− 288) for 0◦ ≤ P< 18◦ and 198◦ < P≤ 360◦ for JH2′H3′

aGeneralized Karplus parameters (Haasnoot et al., 1980; Wijmenga et al., 1993) localized forβ-D-deoxyribose with the classical harmonic
motion described as a Gaussian distribution (Brüshweiler and Case, 1994).σ is the standard deviation of the dihedral angle (in rad).8HH,
8m and P are the dihedral angle, pucker amplitude, and phase angle of pseudorotation, respectively (in deg).1J is a correction term for the
Barfield transmission effect (Barfield, 1980; de Leeuw et al., 1983). Ifσ = 0, these equations are identical to the original generalized Karplus
equation (Haasnoot et al., 1980; Wijmenga et al., 1993).

to change with the DNA conformation. Actually this
assumption is reasonable assuming a systematic er-
ror of 1–2 Hz. The experimental determination of this
geminal J-coupling constant is difficult because of the
overlapping of the 2′ and/or 2′′ proton resonances and
the strong coupling conditions. The absence of a dipo-
lar interaction between the methylene protons causes
significant lengthening of the relaxation time (sharp-
ening of the signals) and attenuation of the dipolar
interference of the J-coupling constant. The dipolar
interference makes the apparent J-coupling constants
small. Stereoselective deuterium labeling is necessary
to increase the precision and accuracy of the observed
J-coupling constants.

Although deuterium-labeling has many advan-
tages, as described above, it causes some systematic
errors. They are the J-coupling constants between a
proton and a deuteron, and the dipolar and scalar re-
laxation due to the proton-deuteron interaction. First,
the proton-deuteron J-coupling constants are expected
to be about 15% of the proton-proton ones, where
15% is the relative ratio of the gyro-magnetic ratio
of deuterons to protons (γ2H/γ1H). The J-coupling
constant between the proton and deuteron at a gem-
inal position (2J1H2H) is expected to be about 2 Hz
based on that for protons (2J1H1H), 14 Hz. In general
the vicinal J-coupling constants (3J1H2H) are smaller
than the geminal ones (2J1H2H), and the magnitude
of 3J1H2H is 1 Hz or less. Since the nuclear spin
of deuteron is 1, the proton resonance becomes a
triplet due to proton-deuteron J-coupling. The proton-

deuteron J-coupling constant clearly affects the ap-
parent proton-proton J-coupling constants. Since the
proton-deuteron J-coupling constants are smaller than
the line width of the DNA oligomer employed in the
present work, only proton line broadening is observed
as an apparent contribution of the proton-deuteron J-
coupling constants. This error can be eliminated by
deuterium decoupling and/or the occurrence of scalar
relaxation of the second kind. Second, the deuteron
will not be negligible in the proton relaxation process a
priori, and in our system the determined T1 and T∗2 val-
ues may have some systematic errors originating from
the deuterium. The relative magnitude of the proton-
deuteron dipolar interaction was roughly determined
to be less than 2% of that of the proton-proton one
based on the (γ2H/γ1H)2 value. The scalar relaxation of
the second kind has a small contribution to proton T2,
1–2%, calculated assuming the deuterium T1 value is
1 ms. Considering these systematic errors introduced
by deuterium labeling, the resulting phenomenon is
line broadening of the proton resonance and a system-
atic decrease in the apparent proton-proton J-coupling
constants for the in-phase spectrum. These system-
atic errors were not eliminated, although they are very
small and comparable to experimental errors.

J-coupling constant determination
Direct reading of the J-splitting from the COSY
spectrum causes a systematic increase in the appar-
ent J-coupling constants because of the cancellation
of the positive and negative peaks (Neuhaus et al.,
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Table 4. Single conformation model and two motional models, and simulated J coupling constants for the 3′ terminal
C10 residue of the 2′′- or 2′-deuterium-labeled DNA decamera

(A) Single conformation model
JH1′H2′ JH1′H2′ + JH2′H3′ JH1′H2′′ JH1′H2′′ + JH2′′H3′ P (deg) 8m (deg) RMSD

7.9 17.3 7.8 10.7 100.9 23.9 0.7

(B) Single conformation with Gaussian distribution model
JH1′H2′ JH1′H2′ + JH2′H3′ JH1′H2′′ JH1′H2′′ + JH2′′H3′ P (deg) 8m (deg) σ (deg) RMSD

7.3 15.1 6.9 10.7 108.0 21.2 26.6 0.0
(C) N-S two-site jump model
JH1′H2′ JH1′H2′ + JH2′H3′ JH1′H2′′ JH1′H2′′ + JH2′′H3′ PS (deg) 8mS (deg) %S RMSD

7.3 13.9 6.9 10.7 163.4 31.7 67.8 0.0

aJ values in Hz.
(A) Single sugar conformation model characterized by the two parameters of the phase angle of pseudorotation, P,
and the pucker amplitude,8m, where each parameter was optimized by minimizing the RMSD between observed and
simulated J coupling constants. The generalized Karplus equations used for all calculations are listed in Table 3. The
bold values were judged to be acceptable. (B) Classical harmonic motion (Brüshweiler and Case, 1994) described as
the Gaussian distribution (standard deviationσ) of a dihedral angle. P,8m andσ were optimized. (C) Two-site jump
model between the N- and S-type sugar conformations. The N-type conformation is fixed as P = 22◦ and8m = 36.4◦,
which are the mean values for the 14 published X-ray structures of N-type deoxyribose (van Wijk et al., 1992). PS,
8mS, and %S are optimized.

1985). Thus we have performed line fitting of the
1D spectrum, although the 2D COSY spectrum has
a lot of advantages; for example, the peaks are well
separated and the number of determinable J values
increases. Very recently a band-selective COSY ex-
periment combined with stereospecific deuterium la-
beling at the 2′ position was applied to determine the
J coupling constants of a DNA dodecamer (Yang et
al., 1997), where our deuterium-labeling procedure
(Kawashima et al., 1995b) was used to prepare a 2′-R
deuterium-labeled DNA oligomer. Spectral simula-
tions such as SPHINX and LINSHA may counteract
the cancellation effect on the 2D COSY spectrum.
If a band-selective COSY experiment is used for a
stereospecific deuterium-labeled sample in combina-
tion with a simulation procedure such as SPHINX
and LINSHA, the precision of the determined J values
could be comparable to that with our 1D procedure,
0.1–0.2 Hz. Potentially their 2D method is useful for
studying the J coupling constants of a larger complex
system.

Fluctuation contribution to the Karplus parameters
and the sugar conformation
The generalized Karplus parameters used in this
report (Haasnoot et al., 1980; Wijmenga et al.,
1993) may have systematic errors due to conforma-
tional averaging and thermal fluctuation. The effect
of conformational averaging was avoided since the
Karplus parameters given by Haasnoot et al. (1980)
were derived from conformationally rigid molecules,

largely 6-membered rings with holding groups. On
the other hand, the contribution from thermal fluctu-
ation through fast time scale motions below 1 ns was
not negligible, as reported previously (Hoch et al.,
1985; Brüschweiler and Case, 1994). By adding
the harmonic motion to the Karplus relation as the
Gaussian distribution of dihedral angles (modelB in
our case), the contribution of thermal fluctuation could
be overestimated. However, the thermal fluctuation
contribution to the Karplus parameters was assumed
to be minimized and, in fact, small, since quite rigid
molecules were used and the error of the Karplus
parameters was less than 0.48 Hz (Haasnoot et al.,
1980).

For the 3′ terminal residue the order parameter S2

of the 3′CH site was determined to be 0.5 and thus
smaller than that of the other sites (S2 = 0.8± 0.1)
from the results of a13C relaxation study of a DNA
decamer (Kojima et al., 1998b). These differences are
reasonably explained by the increase in the sugar flex-
ibility induced by the lack of the 3′ phosphate group.
On the other hand, the 5′ terminal residue does not
have a phosphate group either. In fact, both a13C
relaxation study (Kojima et al., 1998b) and a proton-
proton J-coupling constants study (e.g. Weisz et al.,
1992) showed a small difference for the 5′ terminal
residue, which was explained by the increase in the
sugar flexibility. However, the difference found in the
3′ terminal residue is much larger than that in the 5′
one, and the 5′ methylene group would be more im-
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portant than the sugar ring for canceling the impact of
the lack of a phosphate group.

Simulation of J-coupling constants
For the C10 residue both the Gaussian distribution
model (B) and the two-site jump model (C) could
explain the observed J-coupling values. To make mat-
ters worse, it is highly likely that another motional
model can explain them. However, based on many
experimental data and numerical approaches, the N-
S two-site jump model is more probable (Lane, 1993;
Schmitz et al., 1993; Ulyanov et al., 1995; Tonelli and
James, 1998). In our results an unacceptably lower
pucker amplitude,8m = 21◦, and a quite large fluctu-
ation,σ = 27◦, in model (B) indicate that model (B) is
less probable than model (C) (vide supra). So far the
intrinsic differences between the two-site jump model
and the single conformation models with and without
the Gaussian distribution of the dihedral angles are
not clear from the viewpoint of the J-coupling con-
stants. Here this is evaluated by a simple simulation as
follows.

The proton-proton vicinal J coupling constants
(3JH1′H2′ , 3JH1′H2′′ , 3JH2′H3′ , 3JH2′′H3′ , 3JH3′H4′) can be
related to the DNA sugar-ring conformation using the
generalized Karplus equations (Haasnoot et al., 1980;
Wijmenga et al., 1993) (see Table 3). Each dihedral
angle8HH of the DNA sugar ring was calculated from
pseudorotation angle P and pucker amplitude8m. The
1000 data sets of these five3J coupling constants were
systematically computed based on the two-site jump
model between the N- and S-type sugar conforma-
tions. Five parameters were randomly generated for
each data set, two pseudorotation angles of the N-form
(PN) and S-form (PS), two pucker amplitudes of the
N-form (8mN) and S-form (8mS), and the percentage
of the S-form fraction (%S). The %S values were uni-
formly randomized in the range of 0 to 100. The other
parameters were randomized to form the Gaussian dis-
tribution, where the distribution center and standard
deviation were 22.0◦ and 8.0◦ for PN, 162◦ and 15◦ for
PS, and 36.4◦ and 3.0◦ for both8mN and8mS, respec-
tively. All of these values were obtained empirically
based on the 14 and 51 published X-ray structures
of N- and S-type deoxyriboses, respectively (see van
Wijk et al., 1992). For example,8mS ranged from
26◦ to 44◦, with an average of 36.4◦, in the crystal
structure, and the standard deviation was estimated by
dividing the maximum limit by 2.5 (assuming a 99%
confidence level). The other parameters were obtained
by a similar method. The two-site jump model used

for these simulations (designated as modelC′) was
different from that used for the sugar conformational
analysis shown in Table 3 (modelC), that is, the num-
ber of variable parameters was five for the simulation
(model C′) but only three for the experimental data
analysis (modelC).

These 1000 data sets generated with the two-site
jump model (modelC′) were subjected to fitting with
the single conformation models (modelsA and B).
The results are shown in Figure 2, whereP, 8m, σ,
RMSD, and %S are identical to those defined in Ta-
bles 2 and 4 (vide supra). The fitted results for the
single conformation models with (modelB) and with-
out (modelA) the Gaussian distribution of the dihedral
angles are shown on the left and right sides of Figure 2,
respectively. Three or four parameters,P,8m, RMSD,
and/orσ, were plotted against the %S values, the in-
dividual circle in each plot corresponding to the one
data set containing five J-coupling constants. Although
the two-site jump model used was the five-parameter
model and the single conformation models were the
two- and three-parameter models, all 1000 data sets
converged for modelB (three-parameter) and 942 out
of the 1000 for modelA (two-parameter). Since 58 out
of the 1000 data sets dit not converge for modelA, the
difference in the number of adjustable parameters, i.e.
two for modelA and three for modelB, may play an
important role in the convergence. The RMSD values
for modelA ranged up to 1.8 Hz, and those for model
B were less than 0.5 Hz.

Considering experimental and intrinsic Karplus
parameter errors, 0.1–0.2 Hz+ 0.48 Hz≈ 0.7 Hz,
simple RMSD analysis of J-coupling constants can-
not distinguish the two-site jump model (modelC′,
five-parameter) from the single conformation model
with the Gaussian distribution of the dihedral angles
(modelB, three-parameter). When the %S values are
less than 15% or more than 90%, the RMS differ-
ence of the J-values between modelC′ (two-site jump
model) and modelA (single conformation model) is
less than 0.7 Hz. Thus the J-coupling constants gener-
ated with the two-site jump model (modelsC andC′)
are reproducible using the single conformation model
(A) in these limited %S value ranges.

The structural parameters in Figure 2 have some
remarkable features. All the optimized parameters
show a transition at %S∼ 55, that is, the minimum
values were found for8m, the maximum ones forσ
and RMSD, and intermediate ones forP. On compar-
ison of the left and right sides in Figure 2, a similar
dependence on %S was found for each corresponding
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Figure 2. The relationship between the fraction of the S-conformer (%S) in the NS two-site jump model and the other parameters in the single
conformation model with (left) and without (right) the Gaussian distribution of the dihedral angle. The pseudorotation angle (P, in degrees), the
puckering amplitude (8, in degrees), the Gaussian distribution angle (σ, in degrees), and the root mean square deviation (RMSD, in Hz), from
top to bottom, were obtained through a process in which five J coupling constants for the deoxyribose ring were generated based on the two-site
jump model and then subjected to fitting with the single conformation models.
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parameter. Many8m values in Figure 2 are unaccept-
ably small on the basis of the 51 X-ray structures,
where8m are in the range of 26◦ to 44◦, in the ranges
of 15<%S< 90 (modelA) and 25<%S< 80 (model
B). Manyσ values are larger than those assumed with
the Gaussian distribution model, whereσ � π (vide
supra). Thus, from the viewpoint of physical parame-
ters such as8m andσ, the single conformation models
are clearly different from the two-site jump model,
especially in the range 25 to 80 of %S.

In Figure 3 three histograms of the pseudorota-
tion angle P are shown, which were obtained with the
five-parameter two-site jump model (modelC′, top),
three-parameter single conformation model (model
B, middle), and two-parameter single conformation
model (modelA, bottom). In the top histogram the
generated N- and S-type conformations are shown,
and in the other two the resulting conformations are
presented. The three histograms are not very different
from each other, the top and middle ones especially
being quite similar. It demonstrates the difficulty in
distinguishing them. Compared to the top one, the
middle and bottom ones exhibit a slightly different
tendency. First, the standard deviation of the pseudoro-
tation angle P for each N- and S-type conformation is
small in the middle one but large in the bottom one.
Second, the distribution center of each S-type confor-
mation of the bottom one is larger than in the others,
and this seems to be unrealistic judging from the em-
pirical values of the pseudorotation angle P. These
small differences can be used to distinguish each other,
but not very useful.

From these simulations, we point out that sim-
ple RMSD analysis of J-coupling constants cannot
distinguish the two-site jump model from the single
conformation with Gaussian fluctuation model, even
when the five proton-proton J-coupling constants can
be determined accurately and precisely. If %S values
are less than 15 or more than 90, it is completely
meaningless to distinguish them. On the contrary, if
we carefully analyze J-coupling constants with em-
pirical knowledge of the8m and σ values, it is
clearly possible to distinguish the two-site jump model
from the single conformation with Gaussian fluctua-
tion model, especially in the range of 25 to 80 of %S.

Figure 3. Histograms of the pseudorotation angle, generated with
the NS two-site jump model (top), and fitted with the single con-
formation model with (middle) and without (bottom) the Gaussian
distribution of the dihedral angle. For the two-site jump model
the N- and S-type conformations were generated assuming the
pseudorotation angles 22◦ ± 8◦ and 162◦ ± 15◦, and the pucker
amplitude 36.4◦ ± 3◦, as the normal distribution center and standard
deviation, respectively.
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