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Summary 

Different methods for determining sugar conformations in large oligonucleotides have been evaluated 
using both J-coupling and NOE data. In order to simulate COSY spectra, reliable estimates of line 
widths are required. We have measured T~p (= T2) values for a large number of protons of the hexadeca- 
met d(CATGTGACGTCACATG)2 using a new two-dimensional NMR experiment (T1RHOSY) to 
provide baseline information for the simulations. Both DQF-COSY and P.E.COSY cross-peaks have 
been systematically simulated as a function of line width, digitisation and signal-to-noise ratio. We find 
that for longer correlation times (z _> 5 ns), where line widths are comparable to or larger than active 
couplings, only ~ ,  (3J~, 2, + 3Jr2,, ) is reasonably accurately determined (within _+ 1 Hz). Under these condi- 
tions, additional information is needed to determine the sugar conformation. We have used apparent 
distances HI'-H4' and H2"-H4', which provide a range of Ps over an interval of ca. 20 ~ Complete 
analysis of time courses for intraresidue NOEs, with and without coupling constants, has also been 
evaluated for determining nucleotide conformations. Whereas Ps is poorly determined in the absence 
of both intrasugar NOEs and coupling constants, the range of solutions is decreased when intrasugar 
NOEs and ~ ,  are also available. DQF-COSY, P.E.COSY and NOESY spectra at different mixing times 
of the hexadecamer d(CATGTGACGTCACATG)2 were recorded at three temperatures. A detailed 
analysis of the NOEs and coupling constants provided estimates of the sugar conformations in the 
hexadecamer. At 50 ~ the sugar conformations are well determined by the scalar and dipolar data, 
with pseudorotation phase angles of 126-162 ~ and mole fractions of the S conformation (Is) of 0.86 +_ 
0.05. There was no statistically significant difference between fs for the purines and the pyrimidines, 
although there was a small tendency for Ps of the purines to be larger than those of the pyrimidines. 
At 25 ~ the sugar conformations were much less well determined, although the estimates of fs were 
the same within experimental error as at 50 ~ The experimental and theoretical results provide guide- 
lines for the limits of conformational analysis of nucleic acids based on homonuclear NMR methods. 

Introduction 

The conformation of  the nucleotide units in D N A  
determines the overall position of  the backbone. For a 
rigid nucleotide unit, the conformation can be described 
with only three parameters, namely the glycosidic torsion 
angle, Z, which determines the relative position of  the 
base with respect to the sugar, and the pseudorotation 

phase angle, P, and the maximum amplitude (~m, which 
determine the exact conformation of  the sugar moiety. In 
principle, these parameters can be determined using a 
combination of  scalar couplings (Van Wijk et al., 1992) 
and NOEs  between base and sugar protons. The number 
of  independent data then greatly exceeds the number of  
parameters (three), so that the problem is overdetermined. 
However, if the sugars exist as a mixture o f  two or more 
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pucker states (Rinkel and Altona, 1987; Van de Ven and 
Hilbers, 1988; Schmitz et al., 1990; Van Wijk et al., 1992; 
Wijmenga et al., 1993), and the glycosidic torsion angle 
is not necessarily the same in each pucker state, then 
there are many more parameters to be determined. For a 
two-state sugar equilibrium, there are seven parameters to 
be determined, namely the pseudorotation phase angles 
and maximum amplitudes of the two sugar conforma- 
tions, the mole fraction of each state, fs, and the two 
values of the glycosidic torsion angle, ~(S) and z(N). In 
practice it is usually assumed that Ore(N)= ~m(S) and PN = 
9 ~ ' 

In principle, vicinal coupling constants required to 
determine accurate sugar puckers should be available 
from a variety of 2D NMR techniques that present J- 
coupling information in a different fashion. The sugar 
conformations can be more reliably analysed using sums 
of coupling constants which contain the same information 
as individual three-bond couplings (Rinkel and Altona, 
1987; Van Wijk et al., 1992), because of difficulties in 
deriving individual coupling constants in the presence of 
relatively broad resonances, and the possible complication 
of cross-correlation effects between scalar and dipolar 
coupling for larger molecules (Zhu et al., 1994; Norwood, 
1995). The sums of coupling constants, obtained from the 
separation of the outermost components of a multiplet, 
are also immune to the effects of strong coupling. 

In short oligonucleotides (less than ca. 12 residues), the 
line widths of even the broadest resonances (H2' and H2") 
are sufficiently small compared with the coupling con- 
stants, so that most of the scalar couplings can be ob- 
tained directly from 1D and DQF-COSY spectra. In 
larger duplexes or triplexes, however, the line widths can 
become larger than the scalar couplings, which requires 
a more sophisticated spectral analysis to obtain the de- 
sired couplings (Gochin et al., 1990; Schmitz et al., 1990, 
1992). 

In addition, spectral overlap often prevents a complete 
set of couplings from being obtained. The scalar coup- 
lings then have to be supplemented by additional infor- 
mation, such as the NOEs between sugar protons and 
between base and sugar protons (Conte et al., 1995). 
Furthermore, in order to analyse the couplings of resolved 
cross-peaks in DQF-COSY or P.E.COSY spectra, it is 
necessary to simulate the expected fine structure for the 
experimental conditions. In addition to the coupling con- 
stants, an accurate value of the line width must be sup- 
plied (Gochin et al., 1990; Schmitz et al., 1990,1992). 
There are alternative methods for obtaining scalar coup- 
ling information, such as heteronuclear experiments (Eber- 
stadt et al., 1995) and measurements of peak intensities in 
TOCSY spectra (Van Duynhoven et al., 1992). As hetero- 
nuclear labelling techniques in DNA are still difficult, 
these methods were not available to us. The TOCSY 
method is also very compute-intensive, and the effects of 

relaxation have to be evaluated as well. For these reasons, 
DQF-COSY and P.E.COSY remain the most commonly 
used experiments at present. 

As part of a study on the interaction of the leucine 
zipper protein ATF-2, an activating transcription factor 
in mammalian development (Tassios and LaThangue, 
1990) with its cognate DNA target site, we have assigned 
the JH NMR spectrum of d(CATGTGACGTCACATG)2 
(M.R. Conte and A.N. Lane, unpublished results), which 
contains the core ATF recognition site (underlined) and 
flanking sequences for ATF-2 (Jones and Lee, 1991). To 
obtain detailed information about the sugar conforma- 
tions in this 16-base-pair oligodeoxynucleotide, we have 
recorded DQF-COSY and EE. COSY spectra at different 
temperatures to assess the influence of line width on the 
spectra. We have simulated peak shapes using the pro- 
gram Gamma (Smith et al., 1994), which includes relax- 
ation effects, and the estimated spin-spin couplings have 
been compared with those obtained from measurements 
of splittings in cross sections of 2D spectra. To investigate 
the variation of line widths for different proton types and 
sequence dependence, we have developed a two-dimen- 
sional rotating-frame method, which provides estimates 
of the intrinsic relaxation rate constants for coupled pro- 
tons. 

We have systematically examined the influence of line 
widths, noise and digital resolution on the estimation of 
coupling constants from DQF-COSY and P.E.COSY. 
The simulations provide guidelines for determining coup- 
ling constants and limitations on the methods. The use of 
NOE distance data for determining sugar conformations 
(Van de Ven and Hilbers, 1988; Wijmenga et al., 1993) 
and NOE time courses (Lane, 1990) has been previously 
discussed in detail. Here we have evaluated the use of 
simultaneously fitting scalar coupling data and NOEs or 
distances for analysing nucleotide conformations in order 
to discover how much data are required to determine the 
sugar conformation and glycosidic torsion angle in the 
presence of conformational averaging. 

Materials and Methods 

Materials 
The 16-mer d(CATGTGACGTCACATG) was synthe- 

sised and purified using reverse-phase HPLC by Oswell 
(Edinburgh, U.K.). 

The sample was dissolved in an aqueous buffer (5 mM 
sodium phosphate, 100 mM KCI, 0.1 mM EDTA, pH = 
7) and annealed by slow cooling from 80 ~ After lyo- 
philisation, the sample was redissolved in 0.6 ml D 2 0 .  

The final concentration of the DNA was 1.6 mM in du- 
plex. 

For NMR experiments 2,2-dimethyl-2-silapentane-5- 
sulphonate (DSS) was used as an internal chemical shift 
reference. NMR experiments were carried out at 11.75 T 
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and 14.1 T, using Varian UnityPlus and Unity spectrome- 
ters, respectively. 

Methods 
Phase-sensitive DQF-COSY, NOESY and TOCSY 

spectra were recorded at 25 ~ 40 ~ and 50 ~ with 
acquisition times in tl and t2 of 0.07 and 0.7 s, respective- 
ly. The data were padded with zeros to 16 384 x 2048 
complex points, and multiplied by a shifted Gaussian 
function in both dimensions prior to Fourier transform- 
ation. Phase-sensitive spectra were recorded using the 
method of States et al. (1982). Isotropic mixing in the 
TOCSY experiments was obtained using MLEV-17 (Bax 
and Davis, 1985), typically providing a spin-lock field 
strength of 8 kHz for a duration of 50 ms. The modifica- 
tion suggested by Griesinger et al. (1988) for attenuating 
ROESY cross-peaks was applied. 

The EE.COSY experiment was recorded as described 
by Bax and Lerner (1988), using a flip angle of 36 ~ The 
J-scaled double-quantum-filtered spectrum was acquired 
as described previously (Bax and Lerner, 1988). 

Estimates of spin-spin relaxation rates for protons of 
which the resonances are resolved in one-dimensional 
NMR spectra were obtained by measuring T~ in the rotat- 
ing frame (Freeman and Hill, 1971) at 25 ~ 40 ~ and 
50 ~ using the transmitter for both low- and high-power 
pulses. The duration of the spin-lock period, x, was in- 
creased from 1 to 300 ms at 25 ~ from 1 to 500 ms at 
40 ~ and from 1 to 600 ms at 50 ~ in 15 unequally 
spaced steps. The data were analysed by nonlinear regres- 
sion to: 

M(x) = M ~ exp(-Rip "0 (1) 

where M(x) is the magnetisation at time x, M ~ is the mag- 
netisation at time x = 0, and R~p is the spin-lattice relax- 
ation rate constant in the rotating frame. The identity R 2 
= Rip is assumed (Allerhand et al., 1965; Farmer et al., 
1988; Lane et al., 1993). To determine the Rip values of 
a larger number of protons, we have used a two-dimen- 
sional version of the experiment. In the 2D rotating-frame 
T~ experiment, which we call T1RHOSY, the following 
pulse sequence was used: 

D 1-90x-SLy(x)-t~-[90-tm-90] t2 (2) 

During the acquisition time t2 and the delay D 1, mag- 
netisation relaxes along the z-axis. The 90x-SLy(x) seg- 
ment converts z magnetisation into y magnetisation, 
which is then allowed to relax in the rotating frame for a 
period x. The y magnetisation that remains at the end of 
the spin-lock period depends on the relevant T~p values of 
the different spins. Free precession during t~ generates the 
indirect frequency domain, and magnetisation is then 
mixed by the subsequence shown in square brackets. 

There are several possibilities for the mixing sequence, 
such as another spin-lock period (TOCSY-style experi- 
ment), a pair of 90 ~ pulses differing in phase by 90 ~ 
(COSY-type mixing) or the one shown in Eq. 2, which 
provides NOESY mixing. We have chosen to use the 
NOESY mixing sequence, as it allows detection of corre- 
lations between protons that may or may not be scalar 
coupled. If an optimal mixing time t m is chosen, good 
sensitivity can be obtained, and there are multiple cross- 
peaks to be chosen for each proton type. 

Eight NOESY experiments (T 1RHOSY) were performed 
with spin-lock times of 1, 10, 20, 30, 50, 80, 120 and 150 
ms with a fixed spin-lock field strength of 8 kHz. The 
spectra were recorded sequentially at 40 ~ at 11.75 T. In 
all the experiments the NOESY mixing time was 300 ms, 
and acquisition times were 0.05 s and 0.4 s in t~ and t 2, re- 
spectively. Data matrices were multiplied by a nonshifted 
Gaussian function in both dimensions and zero-filled to 
8192 by 1024 points. The data were analysed by fitting 
cross-peak intensities as a function of spin-lock duration 
to Eq. 1. 

HI'-H4' and H2"-H4' distances (see below) were deter- 
mined for each sugar, from the ratio of HI'-H4' and HI'- 
H2" peak areas, and of H2"-H4' and H2"-H 1' peak areas, 
respectively, from NOESY spectra acquired with short 
mixing times (30, 50, 100 ms) at different temperatures. 
The ratio of the peak area of each pair of cross-peaks is 
proportional to the ratio of the NOE intensities (since 
each pair of peak areas is taken from the same cross sec- 
tion), so that distances could be calculated by using the 
fixed distance for HI'-H2" of 0.235 +0.005 nm. Best esti- 
mates were then obtained by extrapolating the empirical 
distances to zero mixing time. 

Simulations 
DQF-COSY and RE.COSY cross-peaks were simu- 

lated using the program Gamma (Smith et al., 1994) for 
a complete deoxyribose spin system. This program pro- 
duces a file of free induction decays, given frequencies, 
coupling constants and T2 values. The digital resolution 
and couplings appropriate to different sugar conforma- 
tions (or mixtures of conformations) were varied, as were 
the line widths of the different protons. The line widths 
were taken from experimental values (see above) over the 
observed range, and including the ca. 1-Hz magnetic field 
inhomogeneity present in the experiments. The effects of 
strong coupling were investigated for the smallest shift 
differences between coupled spins that were observed 
experimentally. As the results of the calculations were not 
significantly different compared to the weak coupling 
approximation, we used weak coupling for most of the 
systematic calculations. Spectra were calculated for 20 
conformations: fs = 1.0, 0.9, 0.8 and 0.7 at each value of 
Ps = 180, 162, 144, 117 and 99 ~ for each set of line widths. 
In all cases, 2J2,2,, was set to -14.2 Hz. 



TABLE 1 
Rip VALUES MEASURED AT DIFFERENT TEMPERATURES 
FOR RESOLVED PROTONS OF d(CATGTGACGTCACATG)2 

Proton Rio (s -I) 

298 K 313 K 323 K 

C1 H6 nd ~ 7.1 nd 
A2 H8 15.6 10.0 7.3 
G4 H8 nd 9.3 7.0 
T5 H6 23.9 15.0 12.3 
G6 H8 nd 8.6 6.9 
A7 H8 15.0 10.3 8.3 
C8 H5 6.8 4.9 3.7 
G9 H8 15.2 9.3 nd 
CI 1 H6 7.5 16.9 13.2 
Cl l  H5 7.0 5.7 4.1 
AI2 H8 nd 9.9 8.0 
C13 H5 6.7 5.7 3.6 
TI5 H6 21.9 14.0 10.4 
GI6 H8 9.4 5.3 4.6 
A2 HI' 15.6 12.8 9.5 
T15 HI' 12.4 7.8 5.5 
C8 HI' nd 8.0 5.5 
A2 H2" 65.3 31.8 20.3 
G4 H3' 15.1 10.3 8.6 
G9 H3' 14.8 10.4 9.2 
C1 HY 8.6 3.8 3.4 
AI2 H4' 16.1 12.0 11.0 

R~p values were determined from 1D rotating-frame experiments, as 
described in the text. 
and  = not determined. 

Weakly  coupled spectra were also simulated using an 

in-house program that  generates cross sections through 

cross-peaks for N O E S Y  and COSY spectra, given chemi- 

cal shifts, and  line widths for the protons  of  nucleotides 

o f  a given conformat ion,  i.e., values of  Ps and PN, the 
pseudoro ta t ion  phase angle for the S and N conformers,  

respectively, ~m, the ampl i tude  of  the pseudorota t ion ,  and 

fs, the mole  fraction of  the S conformer.  The appropr ia te  

coupl ing constants  are generated via the Karplus  equation 
(cf. Van Wijk et al., 1992). The effect of  noise and digiti- 

sat ion along F2 was examined,  using a r andom number  

generator  to produce white noise o f  the desired ampli-  
tude. More  detai led analysis of  the influence of  noise was 
made by synthesising two-dimensional  da ta  sets o f  Gaus-  

sian noise (Press et al., 1986) consist ing o f  the same num- 

ber of  points  as in the two-dimensional  da ta  sets produ-  
ced by G a m m a .  The da ta  and noise files were added 

using a mult ipl ier  to produce different signal-to-noise 
ratios. 

A program (PFIT)  was writ ten to analyse sugar con- 

format ions  using experimental ly derived coupling con- 
stants and p r o t o n - p r o t o n  distances. The program gener- 
ates all coupling constants  for deoxyriboses using Al tona 's  
formalism and the parameter i sa t ion  given by Wijmenga 

et al. (1993) as a function o f  Ps, PN, ~)m and fs. For  a 
given set of  parameters ,  the p rogram also provides the 
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distances H I ' -H4'  and H2"-H4',  which are sensitive to 

sugar geometry (Van de Ven and Hilbers, 1988). In the 
presence o f  conformat ional  averaging between N and S 
states, these 'd is tances '  are calculated as follows: 

r~j 6 = S2[fs/r(S)~ + (1 - fs) /r(N)~] (3) 

where r(S) and r(N) are the actual  distances in the S and 
N states, respectively, fs is the mole fraction of  the S state 
and S 2 is an order  parameter .  In this formalism it is as- 

sumed that  mot ions  other  than overall tumbling are very 
rapid,  such that  the spectral density functions are simply 

scaled by the order  paramete r  (cf. Lipar i  and Szabo, 

1982; Lane and Forster, 1989). Using the methods  de- 
scribed by Tropp (1980), order  parameters  for specified 

mot ions  of  any vector can be calculated in a straightfor-  
ward manner  (Lane and Forster, 1989). Fur thermore ,  

experimental  values of  order  parameters  for sugar pro- 
t o n - p r o t o n  vectors have been measured in D N A  frag- 

ments (Lane and Forster, 1989; Lane, 1991), calculated 

from molecular  dynamics trajectories (Koning et al., 

1991), and from C-H relaxation (Lane, 1991; Borer et al., 
1994). Sugar repuckering is one o f  many possible motions, 

TABLE 2 
Rtp VALUES FOR d(CATGTGACGTCACATG)2 AT 40 ~ DE- 
TERMINED WITH T1RHOSY 

Nucleotide RIo (s -~) 

H8/H6 HI' H2' H2" H3' H4' 

CI 8.5 5.5 15.4 12.1 n@ nd 
A2 10.1 13.3 29.3 30.2 12.9 10.1 
T3 17.2 10.9 10.2 29.0 31.7 11.9 
G4 nd 11.3 30.8 31.9 10.3 12.8 
T5 15.3 8.2 30.5 27.0 11.7 nd 
G6 nd 9.1 32.4 34.8 11.1 10.5 
A7 11.1 14.0 31.0 33.3 11.9 nd 
C8 19.8 8.2 27.1 24.9 10.0 nd 
G9 nd 9.5 29.9 36.5 10.9 12.1 
T10 19.5 10.3 nd 33.5 13.0 nd 
CI l 17.1 7.5 30.0 24.9 nd nd 
A12 10.2 14.0 31.8 33.1 11.9 11.0 
C13 17.8 8.5 27.3 25.9 12.3 nd 
A14 10.3 11.6 27.6 32.6 10.2 11.9 
T15 14.8 8.2 27.4 23.3 10.2 nd 
G16 5.3 7.1 13.2 17.1 4.2 nd 

mean 13.6 10.3 29.7 30.3 11.4 11.4 

sd 4.4 1.7 4.1 1 0.3 0.9 

Y 14.4 8.7 28.3 27.3 11.3 - 
1.8 1 1.3 3.5 1 - 

R 10.4 11.8 30.4 33.2 11.3 - 
0.4 1.9 1.5 1.9 0.9 - 

Values were determined as described in the text. Because of the small 
number of values for H4', the breakdown into purines and pyrimi- 
dines has not been given. Mean values do not include the terminal 
nucleotides. 
a nd= not determined. 
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Fig. 1. Simulated DQF-COSY spectra, demonstrating the effect of line width. HI'-H2' cross-peaks were simulated using the program Gamma, 
as described in the Methods. (A) HI'-H2' cross-peaks for Ps = 144 ~ fs = 0.9. (a) line-width set (I); (b) line-width set (II); (c) line-width set (IV). 
(B) H2"-HI' cross-peaks for: (a) Ps=99 ~ fs=0.9 (I); (b) Ps = 117 ~ fs=0.8 (II); (c) Ps= 144 ~ fs=0.9 (III). (C) H3'-H2' cross-peaks for: (a) Ps= 117 ~ 
fs = 1.0 (II); (b) Ps = 144 ~ fs=0.8 (IIl); (c) Ps-~ 162 ~ fs=0.9 (IV); (d) Ps = 180 ~ fs = 1.0 (IV). (D) H2'-HI' cross-peaks for: (a) Ps = 162 ~ fs=0.8 (III); 
(b) Ps = 117~ fs = 1.0 (IV). (E) H I'-H2" cross-peaks for: (a) Ps = 117 ~ fs = 0.7 (1); (b) Ps = 99~ fs--0.7 (III). Sets of line widths (in Hz): (I) H 1'= 3.5, 
H2'-- 7.5, H2"=7.5, H3'=3.8, H4'=4A; (II) H1'=3.6, H2'=9.6, H2"= 8.4, H3'=4.2, H4'=4.2; (III) H1'=4.2, H2'= 10.2, H2"--9.9, H3'=4.5, 
H4'=4.5; (IV) H1'=5.5, H2'-- 11.2, H2"= 11.7, H3'=4.8, H4'=4.8. 

the effect of  which depends on the mole  fraction fs- Gen-  
eralised order  parameters  for this specific mot ion  are high 
for HI ' -H4 '  and  H2"-H4'  (Koning et al., 1991). However, 

sugar repuckering has been shown not  to be the sole 
de te rminant  of  the observed order  parameters  (Lane and 
Forster, 1989). Measured  and calculated values o f  S 2 for 
various sugar pro ton  vectors of  nonterminal  residues are 
typically in the range 0.7-0.9 (Lane and Forster, 1989; 

Koning et al., 1991; Lane, 1991), and  as Eq. 3 shows will 
have a fairly small effect on the apparen t  distance. Order  
parameters  for the HI ' -H2"  vectors in the present  hexa- 
decamer  measured as previously described (Lane and 
Forster,  1989) are 0 .7+0.1.  Order  parameters  for the de- 
sired HI ' -H4 '  and H2"-H4'  vectors cannot  be determined 
from the da ta  used to derive distances. However, calcula- 
tions using Tropp's  model  show that  mot ions  such as a 
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Fig. 2. DQF-COSY spectra of d(CATGTGACGTCACATG)2 at two different temperatures. The spectra were at 14.1 T recorded at 25 ~ and 
50 ~ as described in the Methods. The data matrices consisted of 16 384 complex points in t 2 and 2048 complex points in tl, to give final digital 
resolutions of 0.67 and 5.37 Hz/point in F2 and F1, respectively. The free induction decays were multiplied by shifted Gaussian functions in both 
dimensions. (A) Spectrum at 25 ~ and (B) spectrum at 50 ~ 

fluctuation of  the sugar  posi t ion of  + 20 ~ by rotat ion 
about  the glycosidic bond  affect HI ' -H2",  HI ' -H4 '  and 
H2"-H4'  in a similar way. Despite the uncer ta inty  in S 2, 

inclusion of  the order  pa ramete r  serves as a reminder  that  
this addi t ional  uncer ta inty  in distances precludes the use 
o f  very tight distance constraints.  

For  each paramete r  set, the mean fract ional  error  E m 
is calculated according to: 

E m = (1/Nj)  ]~[J(obs)  - J(calc)l / J(obs)  

+ (1/Nr) ]~]r(obs) - r (ca lc) ] / r (obs)  
(4) 

where Nj and N r are the numbers of  J values and dis- 
tances, respectively. The results are tabulated.  All sol- 

utions that  pass a cutoff  cri terion for fitting are accepted 

as valid solutions. Either individual  coupling constants  or 
sums of  coupling constants  can be used as input. Simula- 
t ions were performed using sets o f  coupling constants  
chosen with r andom variat ion o f  up to 1 Hz from the 
true values, with and without  distance constraints.  Typi- 
cal limits on the distances were -20/+50 pm for H I ' -H4'  

and -20/+80 pm for H2"-H4'.  
Because distances derived from NOEs  may be affected 



196 

by spin diffusion, we have also used the program N U C -  
FIT  (Lane, 1990) to determine nucleotide conformations. 
This program includes effects of  spin diffusion, conforma- 
tional averaging in the nucleotides, motional  anisotropy 
and any effects on intensities due to incomplete longitudi- 
nal relaxation (Lane and Fulcher, 1995). It also accepts 
coupling constants and N O E  time courses for any desired 
protons. In addition to the coupling constants and the 
H4 ' -HI ' ,H2" NOEs,  the base H8/H6-HI ' ,H2 ' ,H2",HY 
NOEs  provide information about the glycosidic torsion 
angle and to some extent the value of  fs (in particular the 
HSIH6-HY NOE). We have used the combined search 
and least-squares fitting routine in N U C F I T  to evaluate 
the precision of  the derived values of  Ps, fs and )~, using 
different portions o f  the data, i.e., with and without coup- 
ling constants and with or without the H4 ' -HI ' ,H2" 
NOEs. 

Results 

Simulation of DQF-COSY and PE. COSY spectra 

The appearance o f  cross-peaks in COSY experiments 
depends on several factors in addition to the magnitude 
and number of  scalar couplings, such as the line width, 
digital resolution and signal-to-noise ratio. To assess the 
influence of  line width on the splittings as a function of  
conformation (i.e., coupling constants), it can be helpful 
to simulate the spectra under conditions approximating 
those of  the experiment. This approach has been used 
extensively by James' group (Gochin et al., 1990; Schmitz 
et al., 1990,1992) and others (Majumdar and Hosur, 1992; 

Schultze et al., 1994). However, to approximate the ex- 
perimental conditions, it is necessary to supply appro- 
priate values of  the line widths of  all resonances involved 
in the calculation. We have therefore made measurements 
of  the line width of  resolved resonances, and in addition 
we have developed a two-dimensional method for experi- 
mentally measuring T2 for the hexadecamer d(CATGTG- 
ACGTCACATG)2 

Determination of spin-spin relaxation rates in d( CA TGTG- 
A CG TCA CA TG) e 

We have measured the correlation time o f  the cytosine 
H6-H5 vectors at 25 ~ and 40 ~ from N O E  build-up 
curves (Lane et al., 1986). We obtained values of  6.1 ns 
at 25 ~ and 3.6 ns at 40 ~ Using these values for the 
correlation time, we have calculated the expected dipolar 
relaxation rate constants for B-DNA with the program 
N U C F I T  (Lane, 1990; Lane and Fulcher, 1995). Typical 
values of  R 2 calculated for nonterminal residues are in the 
range 14-15 s -1 for A/G H8, 19 s-' for T H6, ---7 s-' for 
HI ' ,  26-29 s -1 for H2', 31-34 s -~ for H2", ca. 11 s-' for 
H3' and ca. 7 s-' for H4' at 500 M H z  for a rotational 
correlation time of  3.6 ns. These values are comparable to 
experimental estimates for most  protons, al though H I '  
and H4' are significantly smaller than the measured values 
(cf. Tables 1 and 2). 

We have measured R~ in the rotating frame to provide 
an estimate of  the spin-spin relaxation, based on the 
approximation valid for macromolecules that Rtp= R2 
when using a strong spin-lock field strength (Allerhand et 
al., 1965; Farmer et al,, 1988). This experiment is less 
susceptible to artefacts from scalar coupling than the 

TABLE 3 
ERRORS IN COUPLING CONSTANTS DERIVED 
LINE WIDTH 

FROM SPLITTINGS IN SIMULATED DQF-COSY SPECTRA: EFFECT OF 

Ps (o) fs LW" AE1, AJ~,2, A Jr2,, AZ2, AZ2,, 

2'1' 2"1' 2'1' 2"1' 2'1' 2"1' 1'2' 3'2' 1'2" 

162 1.0 I 0.03 0.07 0.05 0.0 -0.07 0.08 -0.55 0.79 -0.03 
II -0.04 0.14 0.01 0.03 -0.05 0.1 -1.42 1.20 0.2 
III -0.09 0.2 0.18 -0.02 -0.27 -0.07 -2.28 1.76 1.49 
IV -0.23 0.41 0.37 0.13 -0.6 0.27 -1.44 3.12 5.55 

144 0.8 I 0.08 0.11 0.12 0.07 -0.05 -0.02 -0.24 0.31 -1.0 
II 0.08 0.09 0.13 0.13 -0.05 0.01 -0.67 0.83 -0.52 
111 -0.11 0.28 0.43 0.40 -0.5 0 -0.84 0.95 0.34 
IV -0.22 0.32 0.77 0.39 -0.99 -0.06 -0.1 2.2 4.1 

117 0.7 1 0.11 0.09 0.50 0.42 -0.36 -0.32 0.1 0.1 -0.82 
II 0.08 0.08 0.5 0.45 -0.42 -0.33 0.06 0.13 -1.01 
III 0.05 0.14 1.07 0.68 -1.08 -0.55 0.14 0.35 -0.55 
IV -0.04 0.01 1.48 0.89 -1.58 -0.61 0.55 0.79 2.71 

Errors were calculated as values estimated from the simulation input values. Splittings were determined from simulated spectra for different 
conformations, without added noise. The digital resolution was 4.8 Hz/point in FI and 0.78 Hz/point in F2. Errors are reported as the difference 
between the measured value and the known input value. Pairs of values are for measurements made from different cross-peaks, parallel to the F2 
axis. 
a LW refers to different sets of line widths (in Hz), as follows: (I) HI'= 3.5, H2' =7.5, H2"= 7.5, H3'= 3.8, H4' =4.4; (II) HI'= 3.6, H2' =9.6, H2"= 

8.4, H3'= H4'= 4.2; (III) HI'= 5.5, H2'= 11.2, H2"= 11.7, HY= H4'= 4.8; and (IV) H I'= 6.5, H2'= 22, H"= 22, HY= 5.8, H4'= 6.1. 
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TABLE 4 
ANALYSIS OF SUGAR CONFORMATIONS 
WITH SIMULATED DATA 

USING PFIT 

Data set Ps (~ fs 

Mean Range Mean Range 

i 156• 10 142 173 0.83 • 0.81-0.9 
ii 151 • 12 131 170 0.82 • 0.78-0.90 
iii 166• 159 177 0.78• 0.69-0.9 
iv 95 195 0.75-0.9 

Sugar conformations were analysed by fine-grid searching, as de- 
scribed in the Methods. Data sets consisted of: (i) 10 runs with ~,, in 
the range 14.0 to 14.7 Hz, ]~2, 28.2 to 30.0 Hz and ]~,, 21 to 23 Hz; 
(ii) sums of coupling constants as for dataset i plus the HI'-H4' dis- 
tance in the range 0.28 to 0.35 nm and the H2"-H4' distance 0.32 to 
0.4 nm; (iii) Y~, in the range 13.7 to 15.0 Hz plus the two distance 
ranges; and (iv) ]~, in the range 14 to 14.5 Hz only. The mean values 
were calculated with the best (i.e., lowest residual) error for each run. 

spin-echo methods.  It also tends to suppress effects of  

exchange processes on the relaxation rate. Table 1 shows 
R~p values, measured where possible from the one-dimen- 

sional rota t ing-frame experiments (see Methods)  at differ- 

ent temperatures.  Because R 2 is dominated  by J(0) for 
macromolecules,  it is expected to vary according to the 

Stokes-Eins te in  relat ionship (Lane et al., 1986). The 

correlat ion time for the C H6-H5 vectors is expected to 
vary approximate ly  twofold between 25 ~ and 50 ~ 

Within experimental  error, the R 2 values in Table 1 are in 

agreement  with this expectation.  The line widths of  pro-  

ton resonances that  are resolved in one-dimensional  spec- 
tra were determined by line-shape fitting using routines in 

the Varian V N M R  software, and the contr ibut ion  from 

residual magnet ic  field inhomogenei ty  was accounted for 

by subtract ing the line width of  the CH 3 resonance of  

DSS. R 2 values est imated from the experimental  line 

widths and those measured as R~p agreed within 5% both  
for base pro tons  and HI ' .  This good agreement justifies 

the use o f  the rota t ing-frame experiment to estimate line 

widths. 
Because of  the extensive spectral overlap, the one-di-  

mensional  me thod  is not  suitable to measure the line 
width of  most  sugar protons.  We have therefore devel- 
oped a two-dimensional  me thod  for measuring Rtp (see 

Table 2). The da ta  obta ined from the 1D and 2D rotat-  
ing-frame T 1 experiments,  under  the same condit ions,  are 
in excellent agreement  with each other. In most  cases the 

R,o value determined from the 2D experiment for a cer- 
tain pro ton  is slightly higher than the value obta ined  

from the 1D experiment.  A possible explanat ion for this 
behaviour  could be the poore r  signal-to-noise ratio in the 
2D spectra, leading to a systematic underes t imat ion of  the 
signal at long delay times. 

The R~p values of  protons  on terminal  residues are 
typically ca. twofold smaller than those in internal  resi- 
dues, in par t  reflecting the smaller number  o f  nearest  
neighbours.  However, the r ig id-body calculat ion (see 

above) suggests that  a smaller number  o f  nearest  neigh- 

bouts  should decrease the relaxat ion rate constants  by a 

considerably smaller factor. Moreover,  ~H and ~3C relax- 
a t ion measurements  have shown (Lane, 1991; Borer et al., 
1994) that  order  parameters  for spins in terminal  residues 

can be two- to threefold smaller than in internal  residues, 

indicating substant ial  mobi l i ty  on the subnanosecond time 
scale. The terminal  residues of  the hexadecamer  are there- 

fore probably  more  mobile  than the internal residues. The 

difference between the relaxation rates for purine H8 and 

pyrimidine H6 can be in par t  a t t r ibuted to the H5 or  Me 
neighbour  of  the H6, which would contr ibute  2.5 to 3 s -1 

to R~p. For  both  H I '  and H2", the relaxation rates are 
significantly larger in purines than in pyrimidines,  on 

average, whereas there is no such difference on average 

for H2' or H3'. However, there are substant ial  individual  
variat ions in the relaxation rates for a given type of  pro- 

ton, which may reflect sequence-dependent  differences in 

conformat ion.  These results quite clearly demonst ra te  that  
a unique line width cannot  be assigned to a par t icular  

p ro ton  type, which has impor tan t  consequences for the 

analysis o f  coupling constants  based on simulations (see 
below). 

Effect o f  line width, digital resolution and noise on split- 
tings in COSY  spectra 

Although  simulations of  cross-peaks in D Q F - C O S Y  

(Gochin  et al., 1990; Schmitz et al., 1990,1992; M a j u m d a r  

and Hosur, 1992) and P.COSY (Macaya  et al., 1992) 
have been published, a systematic evaluat ion of  the cross- 

peak fine structure as a function of  line widths, digiti- 

TABLE 5 
ANALYSIS OF SUGAR CONFORMATIONS USING SIMU- 
LATED COUPLING CONSTANTS AND NOEs 

Data set p (o) f -X (~ 

i 144-162 0.75-0.85 105 110 
ii 126-162 0.75-0.85 108 112 
iii 130-198 0.7 0.8 103-108 
iv 90-198 0.7-0.9 108-113 
v 126-198 0.75 0.85 102-113 
vi 90 198 0.8 0.9 110-115 

NOEs and coupling constants for a three-base-pair fragment of DNA, 
d(CGA)" d(TCG), were calculated using the program NUCFIT (Lane, 
1990). The DNA fragment was in the B-form, except for G2, for 
which the nucleotide was described by z(S) = - 110 ~ Ps = 144 ~ fs = 0.8, 
I~m = 36, PN = 9~ and x(N)=-150 ~ NOESY time courses were gener- 
ated for a spectrometer frequency of 500 MHz and an isotropic rota- 
tional correlation time of 3 ns, using D20 as the solvent. Errors in the 
NOE intensities were set at + 15%. The range of solutions is given for 
which the mean residual error, R, is less than 0.15. The data sets used 
were the following: (i) ~z, (+ 1 Hz), ]~2, (+ 2 Hz) and ~2, (+ 2 Hz), 
NOEs from G H8 to G HI', H2', H2" and H3' and G H4' to HI' and 
H2", using time points at 50, 100, 150, 200 and 300 ms; (ii) coupling 
constants as above, and NOEs for G H8 to the sugar protons only; 
(iii) all NOEs and no coupling constants; (iv) NOEs for G H8 to 
sugar protons only; (v) all NOEs + ]~, only; and (vi) G HS-sugar 
proton NOEs and ~t,. 
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sation and noise for long correlation times has not been 
previously shown. We have simulated DQF-COSY and 
RE.COSY spectra for a complete deoxyribose spin sys- 
tem using the program Gamma (Smith et al., 1994), in 
which the digital resolution and the line widths for differ- 
ent conformations were systematically varied. The influ- 
ence of line width was simulated using digital resolutions 
corresponding to those actually obtained in our experi- 
ments (see above). 

Figure 1 shows the effect of varying the line widths on 
the H2 ' -HI '  and H2"-HI '  cross-peaks, and also on the 
H2'-H3' cross-peak. The HI ' -H2 '  cross-peaks (Fig. 1A) 
change radically as the line width is increased for a fixed 
conformation analogous to the experimental data (see 
below). However, remarkably similar cross-peak patterns 
can be obtained for different conformations if the line 
widths are also altered. For example, the H2 ' -HI '  DQF- 
COSY cross-peak appears very similar for the conforma- 
tions Ps = 162 ~ fs=0.8 (3Ji,2,= 8.6, 3Jl,z,,= 5.7 Hz) and Ps = 
117 ~ fs = 1.0 (3J1, 2, = 10.2, 3Ji,2,, = 5.5 H z )  if different line 
widths are chosen (Fig. 1D). Similarly, the H3'-H2' cross- 
peaks appear very similar for Ps = 144 ~ fs=0.8 (3J1, 2, = 8 .8 ,  

3Jp2,,=2.5 Hz) and Ps = 180 ~ fs = 1.0 (3J],2,=9.8, 3Jp2,,=0.9 
Hz) for different line widths (Fig. 1C). This suggests that 
accurate J-values cannot always be obtained by simula- 
tion. 

With simulated data, it is possible to measure the error 
of the apparent coupling constants derived from such 

spectra. Table 3 shows typical errors for coupling con- 
stants (or sums of coupling constants) measured from 
simulated DQF-COSY spectra under conditions of no 
noise and good digital resolution (i.e., ideal spectroscopic 
conditions). Four sets of line widths are shown, corre- 
sponding to those expected or measured at 50 ~ (x = 2.8 
ns, set I), 40 ~ (z = 3.6 ns, sets II ,III)  and 25 ~ (x = 6.1 
ns, set IV) for the hexadecamer studied here. As expected, 
the errors for the coupling constants are the smallest for 
the narrowest lines, generally < 0.5 Hz, and even in the 
worst case, they are not more than 1 Hz. As the line 
widths are increased, the errors also increase, such that 
for the largest line widths, the errors in some parameters 
(particularly ~2,, and to a lesser extent ~2,) are so large as 
to render them useless for conformational analysis. Ne- 
vertheless, the value of ~ ,  is still quite well determined 
even for the broadest lines. This is probably because H 1' 
is intrinsically quite narrow (the estimated line width at 
25 ~ is ca. 6.5 Hz), and therefore smaller than the active 
couplings. The determination of the individual couplings 
to HI '  are also poor at larger line widths, and rather ac- 
curate values are needed if these are to be used to define 
the sugar conformation (Van Wijk et al., 1992). 

Whilst the variation of the splitting for an antiphase 
doublet of Lorentzian lines has been investigated as a 
function of the digital resolution and line width (Neuhaus 
et al., 1985; Wtithrich, 1986; Majumdar and Hosur, 1992), 
the situation is more complex for multiplets with more 
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Fig. 3. Cross sections through T5 HI' and T3 H2' from DQF-COSY spectra of d(CATGTGACGTCACATG) 2. Spectra were recorded and 
processed as described in the Methods. Peaks have all been scaled to the same height and the noise for the H2"-HI' peaks appears substantially 
higher than for the H2'-HI' peaks, and similarly for the H3'-H2' and HI'-H2' cross-peaks. The cross sections are shown in pairs, at 25 ~ (upper) 
and 50 ~ (lower). The cross sections shown are (left to right): T5 H2'-HI', T5 H2"-HI', T3 HI'-H2' and T3 H3'-H2'. 
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Fig. 4. Experimental EE.COSY spectra of d(CATGTGACGTCACATG)2. The spectra were at 11.75 T recorded at 25 ~ and 50 ~ as described 
in the Methods. The data matrices consisted of 8192 complex points in t 2 and 2048 complex points in t~, to give final digital resolutions of 
1.22 and 4.88 Hz/point in F2 and F1, respectively. The free induction decays were multiplied by shifted Gaussian functions in both dimensions. 
(A) Spectrum at 25 ~ and (B) spectrum at 50 ~ 

than one splitting, such as H2 ' -HI '  and H2"-HI' .  For a 
sugar in an S-type conformation, the H2"-HI '  cross-peak 
shows a + - + -  pattern along F2. The inner two antiphase 
lines generally have a small separation, so that for broad 
peaks these tend to cancel, and the separation between 
the outer peaks (i.e., ~1,) is overestimated. By contrast, 
the H2 ' -HI '  cross-peak shows a + + - -  pattern along F2, 
which for broad lines leads to coalescence of the two 
positive peaks and of the two negative peaks, resulting in 
a net separation that underestimates ]~,. The important 
parameter then is the separation between multiplet com- 
ponents, and their relationship to the line width. Upper 

and lower limits to the value of ]~, can be estimated if 
the separations can be measured in both cross-peaks. 
Similar considerations apply to ]~z,- For broad resonan- 
ces, which is especially true of  H2' and H2", the H l'-H2' 
cross-peak shows a + + - + - + - -  pattern along F2. The 
inner antiphase lines tend to cancel, whereas the outer 
pair of in-phase lines tend to amalgamate, leading to an 
estimate of Y~2, that is too small. Because H2' is always 
much broader than HI '  (cf. Tables 1 and 2), this will be 
a much more serious problem for ]~2, than for ~v.  The 
alternative cross-peak for ]~:, is H3'-H2'. In the F2 dimen- 
sion, the active H2'-H3' coupling is ca. 6-8 Hz, and the 
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passive couplings (for an S-type conformation) to H2" 
and HI'  produce a fine structure + - + + - - + - .  The inner 
components tend to cancel, leaving the outer peaks which 
slightly overestimate ]~2,. 

The relationship between line width and apparent 
splittings is obviously dependent on the antiphase charac- 
ter of the cross-peaks in COSY experiments. In principle, 
cross sections through NOESY peaks should provide the 
same information, but will appear different because all of 
the components of the multiplets are in-phase. Naturally, 
this always leads to coalescence of peaks when the fre- 
quency differences are smaller than the line widths, and 
therefore the measured splittings can provide a lower limit 
to coupling constants. Extensive simulations (data not 
shown) indicate that only ]~1, can be obtained with any 
reliability when the line widths become large. The coales- 
cence of the many components for ]~2, completely de- 
stroys the resolution, and it becomes impossible to distin- 
guish components to measure a splitting. 

Another important parameter that affects the appear- 
ance of the cross-peak patterns is digital resolution. We 
have systematically examined the effect of resolution on 
the DQF-COSY cross-peaks for two different sets of line 
widths, corresponding to x = 2.8 ns and x = 3.6 ns. In gen- 
eral, the effect of poorer resolution is the greatest for 
individual coupling constants and ]~2, or ]~2,,, and the 
least for ]~v. For the latter sum, the error is small (< 0.5 
Hz) at a digital resolution of 1 Hz per point or better. 
This error increases as the resolution worsens, and under 
the worst conditions, ]~, may be in error by more than 2 
Hz (2 Hz per point in F2). Note that this is for noise-free 
data with relatively narrow line widths. Resolutions poorer 
than ca. 1.5 Hz/point in F2 are likely to give substantial 
errors in most coupling constants, indicating that long 
acquisition times in t2 should be used for such spectra. 

P.E.COSY (Mueller, 1987; Bax and Lerner, 1988) is 
an alternative to DQF-COSY in that it reduces the num- 
ber of components in the cross-peaks, and therefore in 
principle makes the analysis simpler. The H2'-HI' and 
H2"-HI' cross-peaks consist of two resolved parts in F1, 
because of the relatively large passive geminal coupling, 
2J2,_2,, =-14 Hz, and two quite resolved parts in F2, which 
correspond to the characteristic pattern for S-type sugars 
Ova, > Jl,-Z,,) (see below). We have simulated the effects of 
digitisation and line width on EE.COSY cross-peaks. 
Again, to recover accurate coupling constants, rather 
good digital resolution is essential (i.e., < 1.5 Hz/point in 
F2). With increasing line width, it becomes impossible to 
determine the offset between the two parts of the cross- 
peak, and indeed, the shape of the cross-peaks depends 
critically on digitisation and the weighting function used 
for processing: the same data with different weighting 
functions can produce remarkably different cross-peak 
patterns (data not shown). The error is very dependent on 
digitisation, line width and the method of data process- 

ing. Furthermore, there are no obvious trends in the error 
as a function of conformation. Hence, the determination 
of 3J1, 2, and 3Jr2,,, ]~2, and ]~2,, are unlikely to be very 
accurate for larger oligonucleotides under realistic experi- 
mental conditions. In addition, Norwood (1995) has 
shown that measurements of coupling constants from 
E.COSY spectra of large molecules are likely to be in 
error because of cross-relaxation effects. 

The third consideration that affects the measurement 
of accurate coupling constants is the signal-to-noise ratio. 
Simulations with Gaussian noise added to spectra showed 
that, where the line width and digitisation were sufficient 
to provide useful cross-peaks, addition of noise severely 
degraded the estimates, rendering them useless for confor- 
mational analysis. For example, cross sections through 
HI'-H2'/H2" for the larger line widths can yield some 
useful information in the absence of noise. The value of 
~ ,  is the least affected by noise. Our simulations show 
that even when the signal-to-noise ratio in a cross section 
is as low as 3:1, the ]~1, can be determined to within 
about 0.4 Hz for narrow lines. However, for the broader 
resonances at long correlation times, the error can increase 
to nearly 1 Hz at this level of noise. Values of ]~2, are 
grossly distorted when the signal-to-noise ratio is ca. 5:1 
or less, even for the spectra recorded with narrow lines 
(data not shown). As larger molecules tend to have lower 
sensitivities in terms of peak height, the effect of noise is 
likely to be substantial. 

The combined influence of line widths and noise for 
larger oligonucleotides suggests that the most reliable 
scalar information is ]~1,, and in many instances, only 
inaccurate values can be obtained for other coupling 
constants. As ]~, alone provides little information about 
conformation (though is a good indicator of fs), it is clear 
that additional information is needed to determine sugar 
conformations in larger nucleic acid fragments. We have 
therefore evaluated the use of NOEs or distances derived 
from NOEs in conjunction with measurable coupling 
constants for estimating sugar conformations. 

Analysis of Ps and fs with and without distances 
Coupling constants and distances for H l'-H4' and H2"- 

H4' were generated for a deoxyribose having Ps = 144~ 
(~m = 36~ fs = 0.8 and PN = 9~ Various sets of the sums of 
coupling constants were generated and used as input to 
the program PFIT. The program was run using values of 
Ps ranging from 90 ~ to 198 ~ and fs from 0.5 to 1 in inter- 
vals of 4 ~ and 0.03, respectively. When used, the upper 
and lower distance bounds were set to 0.35 and 0.28 nm 
for HI'-H4' and 0.4 and 0.32 nm for H2"-H4'. Table 4 
shows results of the simulations, where the best values 
correspond to those for which the residual error R(J) was 
a minimum, and the range was for parameters for which 
the residual error was < 2%. Using input values without 
error for the coupling constants, the program recovered 
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the correct values (data not shown). When typical experi- 
mental errors were added to the target coupling con- 
stants, the mean value of Ps was found to be 156~ 10 ~ 
(range 142~ ~ and fs=0.83+0.03 (range 0.81-0.9) in 
the absence of distance constraints. In this case, adding 
the distance constraints had an insignificant effect on the 
result (Table 4). If only ~1, and the distance constraints 
were used, the value of Ps was found to be 166~ 9 ~ 
(range 159~ ~ and fs=0.78 +0.07 (range 0.69-0.9). 
These results indicate that if three coupling constants (or 
sums of coupling constants) can be determined with rea- 
sonable precision, the value of Ps will be constrained 
within a range of about 30 ~ and fs within an interval of 
around 0.1. In this instance, adding the distance con- 
straints does not have much influence. Much tighter dis- 
tance intervals would be needed to improve the determi- 
nation of the sugar conformation, but the uncertainties 
arising from spin diffusion and internal motions would 
make this difficult. However, if only ]~, is available with 
reasonable precision (+ 0.5 Hz), such as for slowly tumbl- 
ing macromolecules, then adding distance constraints 
significantly improves the determination of the sugar 
conformation, although Ps may be overestimated. It 
should be noted that for a mixture of conformations, the 
value of Y~I, alone would not constrain Ps to better than 
ca. 90~ ~ . 

Analysis using NOE time courses and coupling constants 
Direct analysis of NOE time courses employs all of the 

experimental data, and allows modelling of conformatio- 
hal equilibria in a simple fashion, leading to better deter- 
mination of the most sensitive conformational parameters 
(Lane, 1990). We have simulated NOESY time courses 
for the three-base-pair fragment d(CGA), d(TCG). 

The values of ?~(S), Ps and fs for G2 were varied sys- 
tematically, with nonlinear optimisation of ;~(S) for four 
versions of the data set, as shown in Table 5. The mini- 
mal data set iv gave good values of )~, as expected, but 
the residual R was essentially the same for Ps over the 
entire range from 126 ~ to 180 ~ and fs was found to be ca. 
0.7. As previously reported (Lane, 1990), these NOEs do 
not fix Ps precisely within the S domain. Using all NOEs, 
but no coupling constants (data set iii) gives a narrow 
range for Ps, a good value of x(S) and a reasonable esti- 
mate of Is- Data set ii similarly gives a better determina- 
tion of both Ps and fs, whereas the complete set of data, 
as expected, performs best of all with rather precise esti- 
mates of ;~, Ps and fs- However, for large nucleic acids, it 
is probable that only ~ ,  can be reliably measured with 
reasonable accuracy, which in itself provides information 
only about fs in the range 90 ~ < Ps < 180 ~ In larger oligo- 
nucleotides, such as DNA triplexes, spectral resolution 
may allow only a subset of the intranucleotide NOEs to 
be measured. If only ~ ,  is available, and all intranucleo- 
tide NOEs can be measured, then the determination of Ps 

and fs is quite good. If the intrasugar NOEs are not meas- 
urable, and only ~ ,  is available, then Ps is not well deter- 
mined (the error function is only weakly dependent on P 
in the range 90 ~ to 180~ 

Analysis of sugar conformations in the hexadecamer 

Scalar couplings in d( CA TGTGA CGTCA CA TG) 2 
The nonexchangeable protons of the hexadecamer have 

been assigned by standard methods (M.R. Conte and 
A.N. Lane, unpublished data), and will be reported else- 
where. Figure 2 shows DQF-COSY spectra of the HI'/H3' 
to H2'/H2" region at 25 ~ and 50 ~ The spectra clearly 
show the extra fine structure present at the higher tem- 
perature (cf. the cross-peaks for T3 and A2). Further- 
more, the H3'-H2' cross-peaks are more numerous or 
more intense at the higher temperature and also display 
much more detail. As we will show below, this improve- 
ment in resolution is largely a consequence of the smaller 
line width at 50 ~ The details of the fine structure, the 
lack of HY-H2" cross-peaks and the measured value of 
~1' (= 3ji,2, + 3Ji,2,,) is indicative of sugars in the S domain. 

The details of the fine structure can be seen more 
readily in cross sections. Figure 3 shows cross sections of 
the DQF-COSY spectra through different cross-peaks of  
the protons T5 HI'  and T3 H2' at 25 ~ and 50 ~ At 50 
~ the fine structure is resolved in F2 for all of the cross- 
peaks, showing the expected four-line patterns for coup- 
ling to HI', and the eight-line pattern for HI'-H2'. Acci- 
dental cancellation occurs between close antiphase com- 
ponents in the H3'-H2' cross-peaks, even at 50 ~ How- 
ever, at 25 ~ the fine structure has largely or completely 
disappeared as a consequence of the increased line widths. 
This results in significant errors in the estimation of ]~,, 
and 3Jr2, and 3Jr,2,, cannot be determined from such spec- 
tra. The effect of line width is more pronounced for the 
HI'-H2' and H3'-H2' cross-peaks. At 25 ~ there is no 
fine structure in the HI'-H2' cross-peak, and ]~2, (= 3J2, z, + 
3J2, 3, + 2J2,z,, ) is substantially underestimated from the 
separation between the extrema compared with the results 
for higher temperatures. Also, as expected, the signal-to- 
noise ratio (considered as peak height) is much poorer at 
25 ~ than at 50 ~ again as a consequence of the rela- 
tive line widths. 

Table 6 presents the apparent splittings obtained from 
DQF-COSY and NOESY spectra recorded at two tem- 
peratures. As the temperature is increased, the estimate 
of ~l, averaged from the H2'-HI' and H2"-HI' splittings 
in both experiments increases, and in general the split- 
ting measured in the DQF-COSY experiment is larger 
than that measured from NOESY data. This is as ex- 
pected from the influence of line widths on antiphase and 
in-phase cross-peaks. Similarly, the estimate of ~,2, in- 
creases as the temperature is increased, whereas that of 
~2,, (= 3Jz,, ~, + 3J2,,3, + 2J2,2,,) decreases with increasing tern- 
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TABLE 6 
MEASURED SPLITTINGS AND DISTANCES FOR PROTONS OF d(CATGTGACGTCACATG)2 

Nucleotide ~1, (Hz) ~2, (Hz) ]~2,, (Hz) I3, 4, rl,_ 4, (nm) rz,,_ 4, (nm) 

25 ~ 50 ~ 25 ~ 50~ 25 ~ 50 ~ 25 ~ 50 ~ 25 ~ 50 ~ 

CI 13.8 14.1 28.2 28.4 21.5 nd a s 0.303 0.306 0.31 0.33 
13.5 14.1 27.5 28.0 nd nd 

A2 14.6 15.1 29.7 28.6 22.5 21.2 m 0.30 0.306 0.34 0.35 
13.9 14.6 nd 29.3 nd 19.5 

T3 14.6 15.1 26.8 29.9 26 24.2 s (4.8) 0.29 0.283 0.33 0.345 
14.2 14.6 nd 31 nd nd 

G4 nd 14.8 nd 28.8 nd 22.0 m (4.2) 0.293 0.298 0.35 0.35 
nd nd nd nd nd nd 

T5 15.3 15.2 28.9 30 24.3 22.2 m 0.286 0.286 nd nd 
14.6 15.1 nd nd nd 21.1 

G6 nd 15.2 24.4 26.2 25.9 21.2 w 0.29 0.294 nd nd 
14.8 15.0 nd nd nd 19.7 

A7 nd 15.4 nd nd nd nd w 0.298 0.297 0.35 0.34 
nd nd nd nd nd nd 

C8 14.4 14.7 27.5 29 25.5 21.9 m/s 0.28 0.284 nd nd 
13.0 14.5 29.5 nd nd nd 

G9 nd 14.7 nd 28 nd 22.7 m (4.6) 0.291 0.298 nd nd 
nd nd nd nd nd nd 

TI 0 15.3 15.4 26.4 30 26.4 22.9 m nd 0.28 0.35 0.345 
nd 15~2 nd nd nd 20.4 

C11 nd 14.7 27 28.6 23.6 nd nd 0.29 0.298 0.34 nd 
nd 14.6 nd nd nd nd 

A12 nd 15.2 26 28.5 nd nd w 0.295 0.297 0.35 0.36 
nd 14.9 nd 28.9 nd nd 

C13 nd 4.8 nd 29.2 nd nd m/s nd nd 0.32 nd 
nd 14.9 nd 29.1 nd nd 

AI4 14.4 14.7 26.3 27.4 25.2 21.9 nd 0.295 0.297 0.35 0.36 
13.9 14.5 nd 29.8 nd nd 

T15 14.9 15.1 28.8 30.1 24 22.2 m/s 0.277 0.277 nd nd 
14.6 14.9 nd 30.7 nd 19.7 

GI6 14.4 14.4 28.4 28.2 23.3 22.1 s (3.7) 0.315 0.323 0.34 0.34 
14.2 14.4 27 nd 23.2 22.7 

Splittings were determined from DQF-COSY and NOESY spectra, as described in the text. The first value was obtained with DQF-COSY; the 
second one with NOESY. Presented values of ]~t, from DQF-COSY are the averages of the H2'-HI' and H2"-HI' cross-peaks (values from only 
one splitting are not given); values of ~,z, from DQF-COSY are the averages from the HI'-H2' and HY-H2' cross-peaks, except for G6 where only 
the value from HI'-H2' was measured; I3, 4, denotes the intensity (strong, medium or weak) of the H3'-H4' cross-peak in DQF-COSY; the value 
in parentheses is the coupling constant estimated from the J-scaled DQF-COSY experiment, as described in the text; r~, 4, and r2,, 4, are the distances 
between H4' and HI' and H2", determined as described in the text. Errors are estimated to be (at 25 ~ and 50 ~ respectively): + 1/1.5 Hz and 
+0.5 Hz for Y.,,; + 2/2.5 Hz and + 1 Hz for Y~2,, except for A2, AI2 and A14 (+4 and +2 Hz), for G4 and G9 (+5 and +2.5 Hz) and for G6 (+6 
and + 3 Hz); _+ 4 Hz and + 2 Hz for ~2,,. 

nd = not determined. 

perature.  The  di f ference be tween  the es t imates  at 25 ~  

and  50 ~  can  be large (> 2 Hz) ,  especial ly for ,~,2,,. In  

m o s t  instances,  the  line wid ths  were t oo  large to resolve 

fine s t ructure  in the cross-peaks  in the N O E S Y  experi-  

ment ,  so that  the coup l ing  cons tan t s  cou ld  no t  be esti- 

m a t e d  reliably. 

The  expe r imen ta l  spli t t ings in D Q F - C O S Y  spectra  

depend  s t rongly on  the  t empera tu re  (cf. Table  6). T h e  

s imula t ions  based  on  m e a s u r e d  line widths  showed that  

the p r imary  cause  o f  the  differences is the relat ive size o f  

the line wid ths  c o m p a r e d  wi th  the coup l ing  constants .  

This  is shown fur ther  by the obse rva t ion  that  the value  o f  

]~ ,  measu red  f rom the H 2 ' - H I '  c ross-peak  agrees wi th  the 

va lue  measu red  f rom the H2"-H1 cross -peak  to wi th in  0.5 

H z  only  for the da t a  acqu i red  at 50 ~ where  H I '  line 

wid ths  are ca. 3 Hz.  Fo r  larger  line widths,  at 25 ~  H2' -  

H I '  and  H 2 " - H I '  spl i t t ings appea r  to be under -  and  over-  

es t imated  respectively, as shown in the s imulat ion.  Fu r -  

the rmore ,  the values  o f  J,2, and  Jvz,, are  no t  at all well 

de te rmined  at 25 ~ I t  was impossible  to de te rmine  ei ther  

~2, or  Y,2,, at 25 ~ and  Y~, cou ld  be establ ished only for 

a few residues ( inc luding the t e rmina l  nucleot ides)  if  the 

spectra  were subjec ted  to s t rong  reso lu t ion  enhancemen t .  

In the absence o f  o the r  in fo rma t ion ,  sugar  puckers  c a n n o t  

be de t e rmined  at the lowest  measu red  t empera tu re  us ing 

C O S Y  da ta  alone.  
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TABLE 7 

CONFORMATIONAL DATA 
AT 50 ~ 

OF d(CATGTGACGTCACATG)2 

Nucleotide fs, Psi (o) Ps2 (o) fs2 

C1 0.65-0.75 153 160 (-5/+5) 0.73 
A2 0.81-0.95 153 160 (-10/+10) 0.88 
T3 0.81-0.92 130 158 (-7/+12) 0.88 
G4 0.81-0.92 144 166 (-6/+5) 0.85 
T5 0.84-0.95 130 149 (-9/+5) 0.91 
G6 0.86-0.98 142 155 (-5/+5) 0.92 
A7 0.84-0.95 150 171 (-30/+10) 0.88 
C8 0.75-0.87 130 145 (-5/+20) 0.85 
G9 0.81-0.92 144 141 (-5/+5) 0.9 
T10 0.87-0.98 126 149 (-5/+10) 0.94 
Cll 0.82-0.87 144 176 (-20/+1) 0.85 
AI2 0.86-0.97 150 170 (-10/+10) 0.93 
C13 0.78-0.89 144 160 (-5/+10) 0.85 
AI4 0.78-0.89 150 166 (-20/+20) 0.85 
T15 0.84-0.92 126 154 (-8/+8) 0.89 
G16 0.78 0.84 162 176 (-20/+4) 0.79 

Mean + sd 

R 0.88_+0.03 148+4 161_+10 0.88+0.03 
Y 0.86-+0.04 131 -+6 156-+9 0.88_+0.03 

Coupling constants and distances were measured at 50 ~ as described 
in the text; fs~ was calculated from ]~v according to Eq. 5. Ps~ was cal- 
culated as described by Van Wijk et al. (1992); calculations with PFIT 
were done as a grid search over 200 conformations with coupling 
constants set to the center of the range, as reported in Table 6; dis- 
tances were taken from Table 6. Ps2 and fs2 are the best-fit values and 
the range (in parentheses) denotes fits for which the residual error was 
twice that of the minimum error. 

As the line width has the largest effect on the DQF-  
COSY spectra, and the agreement between coupling con- 
stants estimated from different cross-peaks is acceptable 
at 50 ~ we will use these data to determine the sugar 
conformations. We assume that the conformations of  the 
sugars are not significantly temperature-dependent, as was 
found by Rinkel et al. (1987), and is supported in the 
present study by the HI ' -H4 '  and H2"-H4' NOEs meas- 
ured at different temperatures (Table 6, and see below). 

The values o f  all o f  the coupling constants, the details 
of  the fine structure of  the D Q F - C O S Y  and the values of  
the distances in Table 6 are not consistent with any unique 
conformation. It is therefore necessary to consider a con- 
formational mixture of  N and S states. 

Because the value of  ]~,  varies less than 1 Hz over the 
range 80~ P < 180 ~ it provides a means o f  estimating the 
fraction of  the S-type conformer (Rinkel and Altona, 
1987; Van Wijk et al., 1992): 

fs = (21 , -9 .8 ) /6 .3  (5) 

]~,  values were measured from resolution-enhanced 1 D 
spectra where possible and from H2 ' -HI '  and H2"-HI '  
cross sections o f  phase-sensitive D Q F - C O S Y  and N O E S Y  
spectra, in order to take into account the errors of  the 

apparent outer peak separation obtained from both in- 
phase and antiphase experiments (see above). Even at 50 
~ the values of  ~ ,  estimated from N O E S Y  spectra are 
smaller than those estimated from the D Q F - C O S Y  spec- 
trum. The best values of  ~ ,  as averages from H2 ' -HI '  
and H2"-HI '  splittings, as determined by our experiments 
at 50 ~ are given in Table 6. A similar procedure was 
applied to estimates of  ]~z,, using the H l '-H2' and H3'-H2' 
D Q F - C O S Y  and NOESY cross-peaks (Table 6). For all 
of  the pyrimidine and also the terminal nucleotides it was 
possible to obtain an agreement between the apparent ]~2, 
couplings measured in all experiments at 50 ~ within 1-2 
Hz. By contrast, for the purines the Y',2, couplings 
measured from D Q F - C O S Y  H2'-H 1' cross sections appear 
to be underestimated even at 50 ~ whereas those 
obtained from H2'-HY cross sections are overestimated 
compared to the values determined from the other experi- 
ments. Hence, in the sugar analysis (see also below) for 
A2, A12 and A14, ]~2, was taken only from the apparent 
couplings of  NOESY spectra, and therefore does not have 
the same statistical significance as those for other nucleo- 
tides. For G4 and G9, no apparent ]~2, couplings were 
determined from NOESY spectra, so that a large range of  
~2, was found (+ 3 Hz), based on the values obtained 
from HI ' -H2 '  and H3'-H2' D Q F - C O S Y  cross sections, 
respectively. For G6 it is possible to define only the lower 
limit of  this range, since the apparent ]~2, from the H3'- 
H2' cross section was not determined. 

The value of  fs was calculated for each nucleotide from 
~1, (Van Wijk et al., 1992), and an estimate of  Ps from 
~]2,, where possible. Values of  Ps estimated in this manner 
will be denoted Ps~ (Table 7). The last two columns of  
Table 7 show the best estimates of  fs and Ps using the 
program PFIT  (denoted fs2 and Ps2, respectively), includ- 
ing distances given as ranges -100/+50 pm for HI ' -H4' ,  
and -50/+50 pm for H2"/H4'. The values of  Ps and fs 
presented in Table 7 were calculated assuming that ~m = 
36 ~ Additional calculations (data not shown) for Om = 28~ 
and 44 ~ changed the estimate of  Ps by < 10 ~ 

The sugar conformations were confirmed by estima- 
tion o f  the Hl ' -H4 '  distance (rv.4,), which is sensitive to 
the pseudorotation phase angles, and the H2"-H4' dis- 
tance (r_,,,.4,), which depends predominantly on the frac- 
tion of  molecules in the S state (Van de Ven and Hilbers, 
1988; Conte et al., 1995). Table 6 shows distances for 
each nucleotide at 50 ~ determined as described in the 
Methods. In addition, we report the relative intensities of  
the HY-H4'  D Q F - C O S Y  cross-peaks. As the line width o f  
H3' and H4' seems not to vary much from one residue to 
another (cf. Table 2), except for the terminal ones (Table 
2 and below), these latter relative intensities are propor- 
tional to the value of  3J3,4, (Searle, 1993; Conte et al., 
1995) which depends on both Ps and fs. We tried to meas- 
ure the 3J3, 4, coupling directly from a partially decoupled 
J-scaled D Q F - C O S Y  experiment developed by Bax and 
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Lerner (1988). Because of  the severe overlap of  H3' and 
H4' resonances o f  the pyrimidines, and the extreme weak- 
ness of  the HY-H4'  cross-peak for A2, A12, A7 or its ab- 
sence for G6, even at 50 ~ it was possible to determine 
only a few 3J3, 4, values (Table 6), which, however, appear 
to be overestimated (by 0.5-1.5 Hz) probably because 
under these conditions line widths are larger than coup- 
lings. 

The sums of  the coupling constants and the two dis- 
tances were used for simultaneous fitting with PFIT, as 
shown in Table 7. In general, the value of  Ps2 found when 
including the distance data is larger than that obtained 
when just using the coupling constants alone, though the 
relative variation from one nucleotide to the next is pre- 
served. This suggests that the true precision of  the deter- 
mination of  Ps is around + 20 ~ It is also possible that the 
distances have a systematic bias from effects of  spin diffu- 
sion and internal motion that is not  modelled by this 
approach (see below). In neither analysis is there a signifi- 
cant difference in fs for purines and pyrimidines, but there 
may be a (slight) tendency for Ps of  purines to be larger 
than Ps of  pyrimidines. 

Coupling constants from P E. COS Y 
In order to obtain additional information about the 

sugar conformation of  the hexadecamer as well as to 
determine whether other 2D N M R  techniques are more 

suitable to determine coupling constants in large D N A  
fragments, 3Jl, 2, and 3Jr2,, have been estimated from 
RE.COSY spectra (Mueller, 1987; Bax and Lerner, 1988) 
at 50 ~ (see above). The HI ' -H2 '  and HI ' -H2"  cross- 
peaks show slight differences among the various nucleo- 
tides (Fig. 4), indicating variations in Ps (or fs). It is clear 
that, whilst the splittings corresponding to the two coup- 
ling constants can be readily estimated from the spectrum 
recorded at 50 ~ it is much more difficult to decide 
where to do the measurement in the spectrum obtained at 
25 ~ (cf. cross-peaks for T3 and T10). Again, this is a 
consequence of  the larger line widths at low temperature, 
which reduces the information present in the spectrum. 
Quantitative measurements of  the couplings at 25 ~ and 
50 ~ are reported in Table 8. The agreement between 
independent measurements (i.e., from the two cross-peaks 
involving HI ' )  of  the same coupling constant at 50 ~ is 
on the whole good, i.e., typically within 0.5 Hz for both 
3Jv2, and 3Ji,2,,. The estimated splittings are similar to 
those obtained from the D Q F - C O S Y  spectra at 50 ~ 
(Table 6), indicating that under these conditions the coup- 
ling constants are reasonably well determined. The value 
of  fs was calculated according to Eq. 5. Ps for these data 
was then calculated assuming values o f  3J1, 2, and 3Jr2,, of  
1.1 Hz and 7.7 Hz, respectively, for PN=9 ~ (Van Wijk et 
al., 1992). The values of  3J1, 2, for the S conformation were 
then calculated by 3j~,2,(S ) = [3j1 ' 2,(obs ) _ (1 - fs) 3Jl' 2,(S)] / fs, 

TABLE 8 
EFFECT OF TEMPERATURE ON SPLITTINGS IN d(CATGTGACGTCACATG)2 MEASURED BY RE.COSY 

Nucleotide Temperature 3Ji, 2, (Hz) 3Ji,2,, (Hz) ~1, (Hz) fs (o) Ps (o) 

(~ 1'2' 1'2" 1'2' 1'2" 

C1 25 8.9 6.1 4.7 7.8 13.8 0.70 117, ns" 
50 8.0 nd b 5.9 5.8 13.9 0.71 126 162, 126-162 

A2 25 10.4 8.3 4.4 8.6 15.9 (1) 90 126, ns 
50 9.5 8.8 5.6 5.7 14.8 0.86 125 162, 120 170 

T3 25 11.1 9.0 3.6 9.2 16.5 (1) 100-160, ns 
50 9.2 nd 5.4 5.8 14.8 0.85 126-162, 126-162 

T5 25 9.2 9.0 nd 9.6 18.7 (1) 110-170, ns 
50 8.7 8.7 5.7 5.9 14.5 0.8 110/180, 120-170 

G6 25 11 nd nd nd nd nd ns 
50 10.1 9.8 5.0 5.4 15.2 0.91 126-162, 126-162 

C8 25 10 9 5 8.7 16.4 (1) 99/180, ns 
50 8.8 7.8 5.6 6.3 14.3 0.76 115 175, 110 180 

T10 25 10 nd nd nd nd nd ns 
50 9.5 8.9 5.9 6.1 15.2 0.92 110/175, 110-180 

AI4 25 9.5 nd 4.3 6.9 15.1 0.9 110-170, 110-170 
50 8.2 8.4 6.2 5.9 14.4 0.78 110 170, 110 170 

TI5 25 10 8 5.9 8.9 16.4 (1) 95/190, 72/207 
50 8.5 8.4 6.5 6.7 15.1 0.9 100/190, 95/195 

GI6 25 9.8 8.5 4.8 7.1 15.1 0.9 110/170, ns 
50 7.5 7.4 6.7 6.3 14.0 0.71 108/180, 100/195 

Apparent splittings were measured in both halves of the cross-peaks and averaged; fs was calculated using Eq. 5, and Ps was determined as 
described in the text. The two entries for Ps correspond to estimates from 3J v 2, and 3j~, 2,,, respectively. Two values are separated by a slash denoting 
alternative solutions, with errors of ca. + 18 ~ for each value. 
a ns = no solution. 
b nd = not determined. 
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which was done similarly for 3J1,2,,. The corrected values 
were then used to find ranges of Ps consistent with these 
values. As Table 8 shows, for the data at 25 ~ often no 
solution could be found, or only inconsistent solutions 
were found. In addition, the precision of the parameters 
was very low. In contrast, at 50 ~ the agreement be- 
tween the two estimates was generally very good, al- 
though there were some ambiguous solutions for which 
additional information would be needed (see above). The 
results obtained from analysis of the RE.COSY data at 
50 ~ are consistent with the fs and Ps ranges calculated 
from other experiments (see above). 

Discussion and Conclusions 

The results presented above show that data acquired at 
50 ~ are sufficient to analyse sugar conformations with- 
out undue influence of line widths. The main effect of 
lower temperatures is an increased line width: at 25 ~ all 
of the line widths are approximately twofold larger than 
at 50 ~ Under these conditions even the narrowest res- 
onances exceed the coupling constants or individual split- 
tings in the spectra, which causes amalgamation or can- 
cellation of nearby lines, depending on whether they have 
in-phase or antiphase components, and leads to substan- 
tial errors in the derived coupling constants. As shown in 
Table 8, the agreement between independent estimates of 
coupling constants in P.E.COSY is very poor at 25 ~ 
This indicates that RE.COSY does not provide accurate 
estimates of the coupling constants for long correlation 
times. 

Whilst the analysis of the data at 50 ~ is self-con- 
sistent and agrees with simulations, the experimental pat- 
terns in the COSY cross-peaks at 25 ~ do not agree with 
the simulated patterns. For these simulations, we used 
line widths expected according to the slower tumbling 
time. The experimental Tip values are in agreement with 
the expected values, indicating that the dipolar contribu- 
tion to the line widths has been adequately accounted for. 
However, reasonable agreement could be obtained only 
by using much smaller line widths or very different values 
of the coupling constants. We saw no evidence in the 
spectra for substantial changes in conformation in the 
range of 25 ~ to 50 ~ Possible alternative explanations 
include an exchange contribution to some line widths at 
50 ~ but not at 25 ~ However, as essentially all of  the 
cross-peaks are affected, this would require that the whole 
molecule was undergoing a transition in this range, yet 
the global T m is > 70 ~ Furthermore, the actual line 
widths measured at 50 ~ agree well with those estimated 
from the T,p experiment, which rules out a substantial 
contribution from exchange. Zhu et al. (1994) have re- 
cently reported that the fine structure of COSY cross- 
peaks can be distorted at large correlation times, with no 
significant effect on the sums of the coupling constants. 

As it is the fine structure that we cannot easily account 
for, it is possible that the cross correlation between di- 
polar and scalar effects is responsible at least in part for 
the observations made at 25 ~ where % = 6 ns. 

It is clear that under conditions of large overall corre- 
lation time the evaluation of proton vicinal coupling 
constants and sums of coupling constants cannot be ob- 
tained by direct measurements from any spectrum. The 
line width of the peaks appears to play a central role in 
determining either the peak-to-peak separation or the 
cross-peak pattern and/or shape of DQF-COSY and 
RE.COSY spectra. The limiting effect of the large line 
width on extracting the coupling constants from NMR 
data has been reported in several cases, suggesting the 
spectral simulation approach should be used in order to 
determine the sugar conformation (Celda et al., 1989; 
Gochin et al., 1990; Schmitz et al., 1990,1992; Macaya et 
al., 1992; Majumdar and Hosur, 1992; Schultze et al., 
1994). However, some methods for the simulation of mul- 
tiplet structures of J-coupled spin systems of 2D NMR 
spectra reported in the literature (Celda et al., 1989; 
Majumdar and Hosur, 1992) do not systematically con- 
sider the influence of line width on the intensity and/or 
fine structure of cross-peaks. Without independent knowl- 
edge, it is difficult to determine simultaneously coupling 
constants and line widths from the spectra. As we have 
shown, the line widths for different kinds of protons can 
be very different and there can be substantial variations 
for the same kind of proton in different nucleotides (cf. 
Tables 1 and 2). Assuming a fixed line width for all pro- 
tons or for each kind of proton is clearly not sufficient. 
Furthermore, for larger molecules, quite different confor- 
mations can produce very similar cross-peak patterns in 
the COSY experiments if the line widths are allowed to 
vary within an experimentally based range. The multiplet 
fine structure is strongly affected by the line width of 
protons involved either in active or passive coupling, and 
decreasing the line width can be compensated by increas- 
ing 3j. Under these conditions, line widths and coupling 
constants cannot be considered as independent parameters. 
Hence, even iterative fitting of peak shapes where the 
coupling constants, line widths and frequencies are adjust- 
able parameters (Macaya et al., 1992) may not always 
produce accurate results for slowly tumbling molecules. It 
is clear that any simulation method needs a proper ad- 
justment of the line width, and measurement of the actual 
line widths of HI', H2', H2", H3' and H4' for each sugar 
ring is necessary to obtain an unambiguous result. 

In theory, dipolar transverse relaxation influences the 
multiplet fine structure (Zhu et al., 1994; Norwood, 1995) 
when the correlation time becomes large. Under these 
circumstances, transverse relaxation is not exponential, 
and much more involved calculations are needed to simu- 
late the multiplet fine structure. Additional relaxation 
measurements of in-phase and anti-phase components 
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would also be required for such calculations (Meersmann 
and Bodenhausen, 1995). For long correlation times (ca. 
> 6 ns, see above), the line widths are in any case very 
large, and coupling constants cannot be reliably extracted 
by simulation, even when ignoring cross-correlation ef- 
fects. 

Simultaneous fitting of coupling constants and intra- 
sugar proton distances, or using better actual NOE time 
courses, will improve analysis of the sugar conformation. 
Where line widths are large such that only ]~j, can be 
measured reliably, intra-ring NOEs and base-sugar pro- 
ton NOEs are essential to fix the value of Ps to better 
than the S domain (ca. 90 ~ to 270~ Where the couplings 
and NOEs indicate that the S conformer is dominant, ]~1, 
provides a good estimate of fs. In this case, rl ,  4, and r2,,. 4, 
usually allow tighter limits to be placed on Ps- As pointed 
out by Wijmenga et al. (1993), this additional information 
may be less restraining for nucleotides where fs is about 
0.5. In the present case, and in general for B-DNA 
duplexes (Van Wijk et al., 1992), fs is higher; typically in 
the range of 0.8 to 1.0. 

In the ATF-2 hexadecamer acceptable sugar conforma- 
tions could only be analysed using data acquired at 40 ~ 
or higher, where the rotational correlation time is < 3 ns 
and HI' line widths are < 3 Hz. Larger correlation times 
(> 5 ns) lead to broad lines, such that the line width of 
HI' is comparable to the coupling constants, and those of 
H2' and H2" are much larger than the coupling constants. 
In our case, at 25 ~ the line widths were sufficiently 
broad that the peak shapes in DQF-COSY all looked 
remarkably similar, in contrast with the data acquired 
between 40 ~ and 50 ~ 
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