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As no homonuclear three-bond 1H couplings are available to 
define the glycosidic torsion angle, determination of this important 
variable in oligonucleotide structure has relied entirely on 
interpretation of NOE data. Accurate determination of sugar 
conformation in oligonucleotides remains difficult even when in 
addition to NOES the important information contained in homo- 
nuclear IH-IH J couplings1.2 can be obtained. Here we demon- 
strate that heteronuclear three-bond lH-W Jcouplings between 
sugar protons and either sugar or base carbons can readily be 
measured, providing important supplemental information for 
determining nucleic acid structure.24 The approach used in the 
present work is based on the concept of quantitative J correla- 
tiong.10 and is applicable even when the size of the heteronuclear 
J coupling is significantly smaller than the line widths of the 
pertinent resonances. In view of the current limitations with 13C 
labeling DNA, the viability of an experiment such as described 
below, which is applicable at natural abundance, is very appealing. 
This strategy can be extended to measuring heteronuclear 
couplings in a range of other molecules, including RNA, where 
the reduced 1H spectral dispersion and C3' endo sugar pucker 
frequently make measurement of 1H-lH couplings more difficult. 
Of course, the ability to isotopically enrich RNA and the on- 
going development of techniques for labeling DNA can greatly 
increase the sensitivity of the long range JCH coupling measure- 
ment. 

Below we report the measurement of 3 J ~ ~  couplings for the 
unlabeled DNA oligomer, d(GGTCGG). Under the conditions 
studied, this fragment adopts a G-tetrad structure.11-12 It has 
been postulated that such structures are found at the ends of 
chromosomes, and variation in their length with age controls 
stability of the chromosome and longevity of the cell. A variety 
of possible molecular conformations consistent with four G 
residues hydrogen bonded in a plane have been postulated, e.g., 
chains parallel or antiparallel and bases syn or anti relative to the 
sugar."-21 In the model system studied here, the G1 and G5 
previously were found to be syn and G2 and G6 anti.11J2 
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Figure 1. Pulse sequence of the band-selective HMBC experiment. 
Narrow and wide bars represent 90° and 180° pulses, respectively. The 
shaped 180° 'H pulse immediately preceding pulsed field gradient G2 
has an amplitude profile corresponding to the central lobe of a sinc pulse 
and a duration of 1-2 ms. Gradient pulses are sine-bell shaped with a 
peak amplitude of 25 G/cm and have the following durations: G1 = 650 
p, G2 = 150 p s ,  G3 = 500 ps. The effect of IH-lH Jmodulation during 
the de- and rephasing delays, T, is eliminated by the band-selective IH 
inversion just prior to t l ,  and spectra are acquired in the 2D absorptive 
mode. The first 90D 13C pulse is optional and serves to suppress one-bond 
'H-13Ccorrelations, which is useful whenmeasuringH1%4'correlations. 
Phase cycling is as follows: 41 = xg,-x,-y; 92 = 8(x),8(-x); 93 = 4(x ) ,  
4(-x); receiver = x,-y,-xy,-xy,x,-7. Quadrature in the tl dimension 
is obtained by alternating 93 in the usual States-TPPI manner. Delay 
durations: T = 34 ms; A = 3.1 ms. For the reference spectrum, data 
are collected with only the first four s t e p  of the phase cycle. The second 
spectrum for each tl is not collected, and zeros are inserted instead. 

The HMBC scheme used in the present work is sketched in 
Figure 1. Homonuclear lH J dephasing during the lengthy JCH 
de-rephasing delays, T, which normally has a detrimental effect 
on the sensitivity of the HMBC experiment, is refocused by a 
band-selective 180° pulse. The quantitative JCH information 
results from comparing the long range correlation intensity, ZCH, 
with the intensity, Zref, observed for the same proton in a reference 
spectrum which is recorded with the same pulse sequence but 
selects magnetization that is not transferred to 13C (Figure l).lo 
For a given lH resonance, the ratio of peak intensities can be 
expressed as: 

I,,/I,, = A(N/N,,) sin[rJ,,(T- A)] sin(rJ,,T) sin2(a) (1) 

where A is the natural abundance of ( A  = 0.01 108), Nand 
Nrcr are the numbers of scans in the 'H-W correlation and 
reference spectra, respectively, and CY is the effective flip angle 
of the I3C pulses. The probe used here gives sin2(a) = 0.88 for 
a nominal 90° pulse. Considering that the reference spectrum 
is far more sensitive than the HMBC spectrum, the uncertainty 
in the JCH value derived from eq 1 may be attributed solely to 
the noise in the HMBC spectrum. The most accurate determi- 
nation of JCH is made when the second derivative of ZCH with 
respect to T is zero: 

d2 - sin[?rJ,,(T- A)] sin(rJ,,T) exp(-2T/T2) = 0 (2) 
d p  

For long values of the lH transverse relaxation time, T2, the 
optimum T duration therefore equals 1 / (4Jc~)  - A/2. In the 
limitwherethe lH Tzismuchshorter than 1 / (4Jc~) ,  theoptimum 
T duration becomes - Tz. In the present study, a T delay of 34 
ms was used. The intensity ratio of eq 1 is determined from the 
scaling factor needed to minimize the  difference between the 
reference peak and the long range correlation. Uncertainties in 
the measurements are estimated from the range of scaling factors 
that do not show intensity in the difference spectrum above the 
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Table 1. Proton-Carbon Coupling Constantsa Measured in 
d(GGTCGG) 

~~ 

C4/C6-H1’ C ~ / C ~ - H I ~  C1-Hy c1-H~ Cy-Hpt C3-H1! 
G1 5.4 3.56 7.8 2.1 2.3 <1.5 
G2 2.0 4.4 7.2 c 2.8 <1.2 
T3 1 .7b 3.4 6.7b 3.6b 2.1 <1.2 
c4 51.1 2.4 7.3 C 2.5 <1.1 
GS 5.6 3.2 7.8 <1.7 3.1 <1.4 
G6 1.86 4.5 d c d <0.9 

a Errors are estimated to be f0.3 Hz unless indicated otherwise. b Error 
is estimated at i 0 .4  Hz. e H49 resonates outside the spectral window. 

H3s overlaps with the HDO resonance. 
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Figure 2. Regions of (A) the reference and (B,C) the 2D band-selective 
HMBC spectra, showing cross peaks between H1’ and base carbons for 
a sample of d(GGTCGG), 19 mM monomer, in 0.5 mL of 0.1 M NaCl, 
10 mM sodium phosphate in DzO, at 20 OC, recorded on a Bruker AMX- 
600 spectrometer. The pH of the buffered solution before drying and 
redissolving in D20 was 6.8. The IH carrier was positioned at 6.05 ppm. 
The spectrum results from a 224’ X 256* data matrix (n refers to n 
complex data points) with acquisition times of 9 ( t ~ )  and 64 ms ( t z ) .  
Using 384 transients per complex t l  increment, the accumulation time 
was -40 h. The reference spectrum was acquired with four transients 
per real t1 increment in a total time of -25 min. Peaks are labeled by 
residue and atom number. 

thermal noise. For the common case where JCHT << 0.5, it is 
seen from eq 1 that the uncertainty in the derived ’JCH value 
depends on the square root of the error in ICH/I&, Le., a 4-fold 
lower sample concentration results only in a doubling of the error 
in ~JcH. 

The 3 J ~ ~  couplings reported in Table 1 have been measured 
from two separate experiments, one with the selective 180’ pulse 
in the H1’ region at 6 ppm, and one at 5 ppm, in the H3’ and H4’ 
region. Cross peaks arising from the three-bond couplings between 
H1’ and base carbons are illustrated in Figure 2. The 13C 
assignments are based on 1H assignments made previously by 
Wang and Pate112 and one-bond 1H-13C HMQC correlation. The 
intensity of the H5-C6 J correlation for the only cytidine in 
d(GGTCGG), also visible in Figure 2, corresponds to a Jcoupling 
of 4.7 Hz, in good agreement with a 4.4 Hz value measured 
directly in free cytidine and a 4.5 Hz value reported by Schmieder 
et al.’ using a multiplet fitting procedure.22 Procedures such as 
multiplet fitting and ECOSY8 have been of limited use, however, 
for measuring 1H-13C vicinal couplings in sugars or between H1’ 
and base carbons. In addition to the couplings reported in Table 
1, Hl’-H2’ and Hl’-H2” couplings have been measured from 
a PE COSY experiment,23 providing an independent measure of 
the Cl’-C2’torsion angle. The 3J~~w2fvalues for the four unique 
G residues range from 10.9 to 12.2 Hz, indicative of H1’-C1’- 
C2’-H2’ dihedral angles near 180°, corresponding to a pseudo- 
rotation angle, P, of 144’ and a C2’endo sugar pucker. A deoxy- 
ribose with this P gives rise to a torsion angle between H1’ and 
C3’ of about 80’ and between H3’ and C1’ of about -160O. An 
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estimate of values expected for 3JHl’C3’ and 3JH3C]t can be made 
using a heteronuclear Karplus equation which also accounts for 
electronegativity effects.24 This equation predicts 3JHltc3t = 0.8 
Hz and 33~3jc1‘ = 8.3 Hz, assuming the substituent effects of N9 
and 04’areadditive. Bothvaluesareconsistentwith themeasured 
values reported in Table 1. Based on the 3 J ~ ~ ~ ~ 3 ~  and 3 J ~ 3 t ~ 1 3  

values (Table 1) and JHl’H2’ couplings of 9.9 (T3) and 10.4 Hz 
(C4), the sugar puckers for the T and C residues are also in the 
C2’ endo range. These couplings indicate, however, that the 
conformation of these sugars is less extreme than that of the Gs. 

The relationship between the glycosidic bond torsion angle 
and H 1’-to-base carbon couplings previously has been analyzed 
for bicyclic analogs of uridine.2.6 Davies’s work shows that these 
heteronuclear couplings can be used to distinguish syn and anti 
base arrangements, with 3 J ~ 1 t ~ 2  smaller than ’ J H I ~ ~  for the anti 
configuration and the opposite for the syn case.6 Although 
Davies’s Karplus equation6 was parametrized for U, our data 
indicate that this parametrization also provides reasonable results 
for G, as both 3JH1jc4 and 3 J ~ 1 ~ ~  are found to be simultaneously 
compatible with a single glycosidic torsion angle. For G1 and 
G5, both of which were found to be syn on the basis of NOE data, 
the average 3 J ~ 1 ~ ~ 4  values (5 .5 Hz) are larger than 3JH1t~8 (3.3 
Hz). These values are compatible with two values of the C4- 
N9-C1’-04’ glycosidic torsion angle, ca. 87’ and ca. 33O, both 
in the syn range. For G2 and G6, the 3 J ~ ~ ~ ~  and 3 J ~ 1 r ~ 4  values 
are -4.4 and - 1.9 Hz, respectively, corresponding toa glycosidic 
torsion angle of either ca. -85’ or ca. -155’, both in the anti 
region. The T and C residues have 3JHltC6 values that are larger 
than 3 J ~ 1 r ~ ~  (Table l), consistent with anti configurations. 

Although no detailed structure is yet available for d(G- 
GTCGG), a high-quality structure recently has been reportedz5 
for d(GGTTGGTGTGGTTGG), with features similar to the 
molecule studied here in terms of sequence and structure. It 
contains two stacked G tetrads with alternating syn and anti 
bases. In d(GGTTGGTGTGGTTGG), the individual glycosidic 
angles of the four syn Gs in the six lowest energy structures have 
an overall range of 45-120°, and the anti Gs range between 
-100’ and -160’. These NOE derived glycosidic torsion angles 
are complementary to the tighter angular constraints derived 
from J couplings, as they can resolve the ambiguity associated 
with the multivalued character of the Karplus equation. 

Our results demonstrate that quantitative HMBC correlation 
provides an effective means for measuring a number of important 
heteronuclear 3JCH couplings and torsion angles in oligonucle- 
otides. TheJcouplings measured for d(GGTCGG) indicate that 
Davies’s parametrization of the Karplus equation, which was 
based on cyclic uridine analogs, is also applicable to purine 
nucleotides. The heteronuclear J couplings provide valuable 
conformational constraints in understanding the structure of 
d(GGTCGG) in particular. In conjunction with NOE data, this 
can lead to a better definition of solution structures of nucleic 
acids by NMR in general. 
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