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ABSTRACT: Complete resonance assignments of nonexchangeable base protons and sugar protons in d- 
GGTACGCGTACC at 500 MHz have been obtained by twedimensional correlated spectroscopy (COSY) 
and nuclear Overhauser enhancement spectroscopy (NOFSY). The characteristic phase-sensitive multiplet 
patterns of the intrasugar cross peaks in the wl-scaled COSY spectrum have been used to estimate several 
scalar coupling constants (4. These coupling constants combined with the intranucleotide COSY cross 
peak intensities have been used to identify the sugar pucker of individual nucleotide units. In most cases, 
the deoxyribose rings adopt a conformation close to 04'-endo. Spin-diffusion has been monitored from the 
buildup of the normalized volumes of N O E  cross peaks in NOESY spectra as a function of mixing time. 
A set of 55 intranucleotide and internucleotide interproton distances have been estimated from the low mixing 
time NOESY spectrum (7, = 75 ms). The estimated intranucleotide proton-proton distances have been 
used to determine the individual glycosidic dihedral angles of the nucleotide units which lie in the anti domain. 
I t  is observed that the molecule adopts an overall conformation close to that of the B-form although there 
are differences in the intricate details. 

have been working toward obtaining accurate solution 
structures of protein binding segments of DNA using two- 
dimensional NMR techniques, with a view to understanding 
DNA structure and the role it plays in specific recognition 
between proteins and nucleic acids. The methodologies are 
being improved to obtain data of better quality (Hosur et al., 
1985a,b, 1987a,b), and new strategies are being developed to 
obtain more precise and detailed structural information from 
the experimental spectra. Low-resolution structures have been 
obtained earlier for the following double-helical DNA seg- 
ments: (I) d-GGATCCGGATCC (Hosur et al., 1985; Ra- 
vikumar et al., 1985); (11) d-GAATTCGAATTC (Chary et 
al., 1987; Hosur et al., 1986a); (111) d-CTCGAGCTCGAG 
(Sheth et al., 1987a); (IV) d-GAATTCCCGAATTC (Hosur 
et al., 1986b); (V) d-(CG)6 (Sheth et al., 1987b). Among 
these, I-IV have recognition sites for the restriction enzymes 
BumHI, EcoRI, XhoI, and EcoRI, respectively. In all cases 
it has been observed that while the molecules adopt an overall 
B-DNA structure, the cleavage sites on the oligonucleotides 
exhibit significant conformational variations compared to the 
remaining part of the respective molecules. At the level that 
these structures have been determined, only qualitative 
statements could be made about the backbone structure and 
glycosidic dihedral angles. A better characterization of the 
sequencedependent structural variations requires more precise 
determination of the structure. The structure quality can be 
improved by quantitative estimates of the intrasugar proton- 
proton coupling constants (J) and interproton distances ( r )  
within the molecules (Kumar et al., 1981; Chazin et al., 1986; 
Hare et al., 1986a,b; Hosur et al., 1987b). 

In this paper, we report sequence-specific 'H resonance 
assignments and estimation of ring proton-proton coupling 
constants and of interproton distances in d- 
GGTACGCGTACC (VI) by making use of the two-dimen- 
sional (2D) NMR techniques two-dimensional correlated 
spectroscopy (COSY), q-scaled COSY, and nuclear Over- 
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hauser enhancement spectroscopy (NOESY). d- 
GGTACGCGUCC is a variant of I. The difference between 
I and VI is the sequence alteration of the underlined segments. 
This molecule (VI) has specific cleavage sites for the restriction 
endonuclease RsaI and FnuDII (Figure 1). The former 
enzyme recognizes the GTAC fragment and cleaves between 
T and A whereas the latter one recognizes the CGCG frag- 
ment and cleaves between G and C in the middle of the se- 
quences recognized. 

MATERIALS AND METHODS 
Synthesis. d-GGTACGCGTACC was prepared by a 

manual method developed for relatively large-scale synthesis 
(e.g., 30-80 mg of purified product) of DNA fragments (C.-q. 
Chen, J. Frazier, and H. T. Miles, unpublished experiments). 
The oligomcleotides were assembled on a controlled pore glass 
(CPG) support with cyanoethyl phosphoramidite chemistry 
(McBride & Caruthers, 1983; Sinha et al., 1984; Atkinson 
& Smith, 1984). The method employed a unidirectional flow 
of reagents under argon pressure through a CPG-filled column. 
Average coupling efficiency was about 97%. The oligomer 
was purified by DEAE-cellulose chromatography with a 04 .8  
M gradient of ammonium bicarbonate at atmospheric pressure, 
with 7 M urea to prevent self-association (Staehelin et al., 
1959; Tomlinson & Tener, 1963). The purified product was 
homogeneous on HPLC (0.02 TEAE-acetonitrile 040% 
gradient) and 20% acrylamide gel containing 8 M urea. 

Sample Preparation. For the 'HNMR experiments on 
d-GGTACGCGTACC, 6 mg of the sample was dissolved in 
400 ML of 50 mM sodium phosphate buffer (pH 7.3) and 1 
mM ethylenediaminetetraacetic acid (EDTA). Such a solution 
was repeatedly lyophilized from 2 H z 0  solution. Finally, the 
sample was made up to 0.4 mL with 99.7% zHzO for the NMR 
experiments in ZHzO. For detection of exchangeable imino 
proton resonances, the same sample was dissolved in water, 
lyophilized, and finally made up to 0.4 mL with a mixture 
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FIGURE 1 : Preferential cleavage sites for restriction endonucleases 
RFaI and FnuDII in double-helical d-GGTACGCGTACC (VI). The 
corresponding recognition segments are GTAC and CGCG, respec- 
tively. 
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FIGURE 2: Pulse sequence for phase-sensitive w,-scaled COSY. a 
and y are the chemical shift and J-scaling factors, respectively. 7 
is a delay which changes with fl, and 8 is the flip angle of the mixing 
pulse. This has been fixed equal to 7r/2 in the present studies. 

consisting of 80% H20  and 20% ZH20. 
Nuclear Magnetic Resonance Spectroscopy. All ‘H spectra 

of GGTACGCGTACC were recorded on a Bruker AM-500 
FT NMR spectrometer equipped with an ASPECT 3000 
computer. The spectrum in H20 was recorded with a 1-3-3-1 
selective excitation pulse sequence for water suppression (Hore, 
1983). COSY data were recorded with a RD-9O0-t1-A- 
9O0-A-t2 pulse sequence, where A is the fixed delay (5 ms) 
used for the enhancements of cross peaks (Bax & Freeman, 
1981; Kumar et al., 1984; Hosur et al., 198%; Wynants & 
Van Binst, 1984). The carrier was placed at  one end, and 
quadrature detection was used in t2 .  The time domain data 
set consisted of 2048 and 512 data points along the t2 and t ,  
domains, respectively. The number of transients collected for 
each t ,  value was 64. The data set was zero filled to 1024 
along the t ,  axis and was multiplied by unshifted sine square 
bell and unshifted sine bell window functions along the t2 and 
t1  axes, respectively, before two-dimensional Fourier trans- 
formation. The digital resolution along both the axes was 7.5 
Hz/point. 

A phase-sensitive wl-scaled COSY (Hosur et al., 1985a, 
1987b) spectrum was recorded with the pulse sequence shown 
in Figure 2. This pulse sequence provides chemical shift 
scaling by a factor a and J-scaling by a factor y along the w ,  
axis of the 2D spectrum. In the present case, a and y were 
chosen as 0.5 and 1.5, respectively, for the purpose of en- 
hancement of the resolution between the individual components 
of the characteristic phase-sensitive multiplet patterns of the 
cross peaks. The time domain data set consisted of 2048 and 
320 data points along t2 and t l  domains, respectively. The 
number of transients collected for each t l  value was 160. The 
spectral offset was placed at the center of the spectrum. The 
data set was zero filled to 4096 and 2048 along the t2 and t l  
axes and was multiplied by sine bells (shifted by T/ 16) along 
both axes before two-dimensional Fourier transformation. The 
digital resolution along both the axes was 1.8 Hz/point. 

Absorption mode NOESY (Marion & Wuthrich, 1983) 
spectra of the dodecamer in *H20 solution were recorded under 
identical conditions at several mixing times, viz., 300, 200, 150, 
100, 75, and 50 ms, with a repetition delay of 1.2 s and the 
standard NOESY pulse sequence. In each of these experi- 
ments, the spectral offset was placed at  the center of the 
spectrum, and the number of transients collected for each t l  
value was 64. The time domain data sets were collected with 
2048 and 512 data points along the tz and t ,  dimensions. These 
data sets were zero filled to 2048 data points along the t l  axis 
and multiplied by Lorentz-Gaussian window functions (LB 
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FIGURE 3: One-dimensional 500-MHz ‘H NMR spectra of (a) 
nonexchangeable and (b) exchangeable protons in  d- 
GGTACGCGTACC recorded as a 5 mM solution in 2Hz0 and as 
a 5 mM solution in 80% H20 + 20% 2Hz0 (pH 7.2), respectively, 
at 25 OC. Spectrum b was obtained with the 1-3-3-1 selective 
excitation pulse sequence. 

= -2 Hz; GB = 0.05 Hz) along both the axes before the 
two-dimensional Fourier transformation. The resultant digital 
resolution along both of the axes was 3.7 Hz/point. 

The spectra were recorded at  25 OC. The melting tem- 
perature of VI has been determined to be 60 OC in 0.1 M Na’ 
from IR experiments. The temperature of measurements 
therefore is in the range where VI is in an ordered confor- 
mation. 

RESULTS AND DISCUSSION 
Resonance Assignment. Figure 3 shows 500-MHz ‘H 

NMR spectra of (a) nonexchangeable and (b) exchangeable 
imino protons of d-GGTACGCGTACC recorded from *H20 
and 80% H20 + 20% 2H20 solutions. Sequence-specific as- 
signment of nonexchangeable protons has been obtained fol- 
lowing well-established procedures (Clore & Gronenborn, 
1985; Feigon et al., 1982, 1983; Frechet et al., 1983; Hare et 
al., 1983; Hosur et al., 1985a; Reid et al., 1983; Scheek et al., 
1983, 1984). In the first step, a COSY spectrum is used to 
identify the sugar protons belonging to the individual networks 
of coupled spins. The cytidine and thymidine base protons 
are identified with J(H5, H6) and J(CH3-H6) correlations. 
In the next step, the intranucleotide and internucleotide NO& 
between the base protons (H6, H8, and CH3) and the sugar 
protons (Hl’, H2’, and H2”) in the NOESY spectrum are used 
to assign the above networks to individual units. In the present 
study, three different types of sequential correlations have been 
observed, namely, (base), - (base)i*l ( d , ) ,  (base), - (Hl’),-, 
(d2 ) ,  and (base)i - (H2’, H2”),, (d3 ) .  As an illustration, 
Figure 4 shows some of the d l ,  d2, and d3 connectivities. 
Stereospecific assignment of the H2’, H2” protons has been 
obtained from the NOESY spectrum by monitoring the in- 
tensities of Hl’-(H2’, H2”) cross peaks. Hl’-H2’’ cross peaks 
are invariably stronger than Hl’-H2’ peaks as discussed in 
previous papers (Chary et al., 1987; Hosur et al., 1986b). The 
assignments of H3’ and H4’ protons have been carried out 
through the concerted use of H2’-H3’, H3’-H4’ J correlations 
in COSY and (base)i - (H3’), (Hl’)i - (H4’), distance cor- 
relations (Figure 4) in the NOESY spectrum. The efficient 
spin-diffusion occurring among the sugar protons of individual 
nucleotide units results in the observation of (base H8/ 
H6)L-(H5’, H5”), and (H1’)i-(H5’, H5), NOESY cross peaks 
(Figure 5). This has been utilized for assigning most of the 
HS’, H5” sugar protons. The above-mentioned assignments 
are listed in Table I in terms of the chemical shifts of various 
protons. 

3 0  Structure of the Oligonucleotide. Observation of four 
resonance lines in the imino proton region (1 1-1 4 ppm) of the 
one-dimensional NMR spectrum (Figure 3b) confirms the 
results from UV and IR measurements (F. B. Howard, C.-q. 
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T a b F r  Chemical Shifts of Nonexchangeable Protons in d-GGTACGCGTACC Expressed with Respect to Sodium 
3-(Trimethylsilyl)[2,2,3,3-*H4]propionate ([*H]TSP) 

unit H1‘ H 2’ H2“ H3‘ H4‘ HS’, H5” H6/H8 H5/CH,/H2 

T3 

G I  
G2 
T3 
A4 
c 5  
G6 
c 7  
G8 
T9 
A10 
c11 
c 1 2  

5.68 2.56 
6.00 2.64 
5.67 2.12 
6.18 2.69 
5.51 1.89 
5.82 2.54 
5.61 1.95 
5.91 2.59 
5.63 2.01 
6.18 2.69 
5.92 2.04 
6.19 2.23 

2.64 4.78 7.34 
2.80 4.95 4.37 4.14, 4.20 7.85 
2.46 4.86 4.21 4.13, 4.21 7.27 1.43 
2.85 5 .OO 4.40 4.09, 4.13 8.26 7.49 
2.28 4.80 4.21 7.22 5.23 
2.68 4.79 4.12 4.06, 4.13 7.81 
2.35 4.82 4.14 7.24 5.26 
2.76 4.91 4.31 4.06, 4.13 7.85 
2.36 4.82 4.14 4.10, 4.15 7.18 1.47 
2.85 5.00 4.40 4.09, 4.13 8.26 7.45 
2.36 4.73 4.15 4.10, 4.13 7.34 5.36 
2.26 4.50 4.00 7.61 5.72 

Chen, J. Frazier, and H. T. Miles, unpublished experiments) 
that the molecule forms a double helix. Observations of two 
interstrand NOEs (H2 of A4 to H1’ of A10 on the opposite 
strand and H 2  of A10 to H1’ of A4; Figure 4) confirm the 
duplex structure and intact A T  pairs. The directionality of 
these NOEs further establishes the right-handed sense of the 
helix [cf. Hare et al. (1986a)l. 

A more precise quantitative description of the 3D structure 
of the oligomer requires the knowledge of the proton-proton 
scalar coupling constants (J) and the proton-proton distances 
( r )  which can be obtained from the 2D N M R  techniques. 
While considering either of these basic inputs, one has to keep 
in mind the dynamics of the molecule. The observed param- 
eters are time averages, and therefore, the data will have to 
be analyzed in terms of contributions from individual con- 
formers. 

Estimation of Scalar Coupling Constants (J). There are 
six proton-proton coupling constants (J) in each deoxyribose 
ring, namely, H 1’-H2’, H2’-”’’, H2’-H3’, H2”-H3’, and 
H3’-H4’. One of these, H2’-H2’’, is a two-bond geminal 
coupling. The value of this coupling constant is around -14 
Hz  and does not show significant conformation-dependent 
variations. The other five J values are three-bond vicinal 
couplings which show very strong dependence on the confor- 
mation of the deoxyribose ring. The conformational depen- 
dence of these J values has been established [see, for example, 
Chary et al., (1987), Hosur et al. (1986a,b), Sheth et al. 
(1987b), and Rinkel and Altona (1987)]. Table I1 lists ex- 
pected J values for some selected conformations for the con- 
venience of the discussion in this paper, along with the ex- 
perimental results. In our earlier work we have utilized the 
qualitative features of such J values and their influence on the 
low-resolution COSY patterns to fix the sugar geometries in 
oligonucleotides I-V. Our argument has been that, under the 
low-resolution conditions of the observations of such data, the 
intensity of the cross peak is indicative of the approximate 
magnitude of the corresponding J value. Here, we describe 
methods to obtain more quantitative information. 

Experimental quantification of the J values for the deoxy- 
ribose rings is a very difficult task. In the phase-sensitive 
COSY spectrum, the cross peaks have geometry-dependent 
complex multiplet patterns. For example, the H 1’-H2’, 
Hl’-H2”, and H2’-H3’ cross peaks will generally have 4 X 
8, 4 X 4, and 8 X 8 multiplet components, respectively. Re- 
cently it has been shown that the incorporation of w 1  scaling 
(Chazin et al., 1986; Hosur et al., 1985d, 1987a,b) improves 
the resolution significantly. Thus using this technique, we have 
been able to resolve the individual components of the Hl’-H2’’ 
phase-sensitive cross peaks in all the nucleotide units of VI, 
except in C12 where H2’ and H2” show very small chemical 
shift dispersion. The patterns have been analyzed to obtain 
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FIGURE 4: Expansion of selected regions of phase-sensitive NOESY 
spectrum recorded with T, = 200 ms. Sequential connectivities using 
base H 6 / H 8  protons and  H1’ sugar  protons (d2  pathways), base 
H 6 / H 8  protons and H2’/”’’ sugar protons (d,  pathways), and base 
H 6 / H 8  protons to  base H5/CH3 protons (d ,  pathways) a r e  shown 
in this figure. This figure also contains interstrand internucleotide 
NOESY connectivities, which a re  shown with dark  arrows. 

values of J(Hl’-H2’), J(Hl’-H2”), J(H2’-H2’’), and J- 
(H2”-H3’). The analysis involved is briefly described below. 

The features of the phase-sensitive COSY spectrum depend 
on the relative values of coupling constants involved, which 
in turn are governed by the sugar pucker. Figures 6 and 7 
show the expected patterns of the Hl’-H2’’ and Hl’-H2’ cross 
peaks for two sugar puckers: C2’-endo (P = 162’) and 
04’-endo (P = 90’). Patterns for other sugar geometries can 
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be easily simulated with the theoretically estimated J values. 
Under the best possible conditions of digital resolution (2 
Hz/point), the experimental patterns for the Hl’-H2” cross 
peaks will appear as illustrated in Figure 6c,d. The resultant 
patterns are the combined results of line widths, small values 
of J(H2”-H3’), and small differences in the value of J-  
(H  1’-H2’) and J ( H  l’-H2’’). In the case of C2’-endo geom- 
etry, all the multiplet components are expected to be resolved, 
and the measurement of J(Hl’-H2’), J(Hl’-H2’’), and J-  
(H2’”2’’) from the experimental spectra is straightforward 
(Figure 6c). On the other hand, if one is dealing with 04’-endo 
geometry (Figure 6d), then a small but nonzero value of J-  
(H2”-H3’) would be buried in the line widths, and its effect 
will be simply to elongate the individual components in the 
cross peaks (Figure 6d). However, one can accurately measure 
J(Hl’-H2’’) and J(H2’-H2’’) along the w 2  axis, since the 
centers of the peaks are not affected. Along the w ,  axis of the 
same cross peak, the largest separation corresponds to the sum 
of J(Hl’-H2’) and J(Hl’-H2’’). Hence, the value of J-  
(Hl’-H2’) can be obtained with the already-known value of 
J(Hl’-H2”). In either of the two sugar puckers considered 
here, the value of J(H2”-H3’) is too small to be resolved under 
the experimental conditions. However, the experimental 

I ~. .C i. c , .  . 3 E . C  0 I 

1 

H 2’ H 2’ 
I C o  0 .  c .  . I  I 
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Table 11: Experimentally Observed and Theoretically Expected Values of Scalar Coupling Constants ( J  in Hertz) in the Sugar Rings of 
d-GGTACGCGTACC’ 

residue H 1 ’-H2’ H l’-H”’ H2’-H3’ H2”-H3’ H3’-H4‘ H2’-”’’ 
(a) Experimental Values 

G1 9.1 7.0 m w; <3 a 14.5 
G2 9.0 8.2 m w; <3 m 13.5 
T3 9.0 7.7 m a; <3 m 14.1 
A4 8.7 7.5 m 0; <3 m 14.1 
c 5  8.7 7.5 W a; <3 m 14.0 
G6 9.0 7.7 W a; <3 m 14.1 
CI 9.0 7.7 m a; <3 m 14.1 
G8 9.0 7.7 m a; <3 m 14.1 
T9 9.0 7.1 m a; <3 m 14.1 
A10 8.1 1.5 m 0; <3 m 14.1 
c11 8.7 1.5 m m; <3 m 14.5 
c12 S S S 0 S 0 

C3‘-endo 0 8 6 9 9 
04’-endo I 8 9 3 7 
C1’-exo 9.5 6 8 0 3 
C2’-endo 9.5 6 6 0 0 

(b) Theoretical Values for Selected Conformations 

‘Estimates of J(H2’-H3’) and J(H3‘-H43 are based on the intensity of the respective cross peaks in the low-resolution COSY spectrum. a = peak 
absent (very small J); w = weak peak (small J); m = medium peak (moderately large J); s = strong (large J); o = peaks overlap. The values of 
J(Hl’-H2’) and J(Hl”H2”) are obtained from the phase-sensitive multiplet patterns of the intrasugar cross peaks in the wl-scaled COSY spectrum. 
Values of J(H2”-H3’) are below the resolution of the phase-sensitive COSY, and this fact is independently confirmed by the low-resolution COSY 
peak intensities. The sign of J(HZ”H2”) is negative. The pseudorotational phase angle P is 18O for C3’-endo geometry (N domain) and 90°, 126O, 
and 162’ respectively, for the three S domain conformations 04’-endo, Cl’-e%o, and C2’ endo used in the analysis in the text. Accuracy of experi- 
mental coupling constants measured is i0.3 Hz. Theoretical values have been calculated with Karplus-type relation [see Hosur et al. (1986a)l. 

H 2“, H 2‘ 

H 1’ 

d-GGTACGCGTACC 
0 1  - Scaled COSY 

c 11 

+ - + -  

- & - A  

0 
r’ 

6.2 

6.4 

I I 1 I I I 1 
2.8 2 .6  2 .4  2.2 2 .o 

FIOURE 8: Selected region of 500-MHz wl-xa1ed phasesensitive COSY spectrum of d-GGTACGCGTACC recorded in zHzO at 25 OC. This 
figure men all the expected Hl’-H2’ and Hl’-H2’’ cross peaks. The positive and negative levels of the crbss peaks are monitored in these 
spectra, For example, positive and negative levels are depicted as (+) and (-), respectively, in the case of the Hl’-H2’’ cross peak of the C11 
nucleotide unit. Boxed portions in this figure show the characteristic phase-sensitive multiplet patterns of H1’-”’’ cross-peaks belonging 
to different nucleotide units. Unboxed portions depict all the expected Hl’-H2’ cross peak multiplet patterns. The digital resolution along 
the w1 and wt axes is 1.9 Hz/point. 

information on IJ(Hl’-H2’) + J(Hl’-H2’’)1. The values of 
the measured coupling constants are listed in Table 11. In the 
case of C12, the resonan- of H2’ and H2” are not dispersed 
enough at the available digital resolution, and hence, the 
corresponding J values could not be estimated. 

Information on J(H2’-H3’) can in principle be obtained 
from the multiplicity pattern of the Hl’-H2’ cross peaks. As 
an example, we have shown the expected patterns of such cross 
peaks for the C2’-endo (P = 1 6 2 O )  and 04’-endo (P = 90°) 
sugar geometries (Figure 7). Under the achievable conditions 
of digital resolution (2 Hz/point), the experimental patterns 
will appear as in panels c and d of Figure 7, respectively. 
Along the o2 axis, the  cross peak has the information about 

J(Hl’-H2’), J(H2’-H2/’), and J(H2’-H3’). The  separation 
between the farthest components corresponds to the sum of 
these values. With the knowledge of J(Hl’-H2’) and J(H2- 
H 2 9  estimated earlier, the value of J(H2’-H3’) can be dis- 
cerned in favorable cases. 

The unboxed portions of Figure 8 depict characteristic 
phase-sensitive multiplet patterns of the H 1’-H2’ cross peaks 
belonging to different nucleotide units. Each of these cross 
peaks has only four lobes instead of the expected 4 X 8 pattern. 
Hence, in the present oligonucleotide the value of J(H2’-H3’) 
could not be measured accurately. 

Estimation of J(H3’-H4’) requires good resolution in the 
respective cross peak region of the phase-sensitive COSY. Due 
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suggestive of a sugar geometry in the S domain of the pseu- 
dorotational conformation map lying close to 04’-endo. A 
qualitative estimate of the other two couplings J(H2’-H3’) 
and J(H3’-H4’) can be obtained from the low-resolution 
COSY spectrum. Such spectra are shown in panels a and b 
of Figure 9. The features are listed in Table I1 in terms of 
the intensities of the cross peaks. I t  may be noted first that, 
as already inferred from the phase-sensitive data, the values 
of J(H2’’-H3’) are small and result in weak cross peaks or 
a complete absence of cross peaks in the low-resolution COSY 
spectrum. On the other hand, the peaks corresponding to 
H2’-H3’ are weak to medium. Thus, in the region corre- 
sponding to (H2’”2’’)-H3’ cross peaks (Figure 9a), only one 
of the two cross peaks is observed. The cross peaks corre- 
sponding to H3’-H4’ scalar correlations are moderately strong 
(Figure 9b), the only exception being GI2  where such a peak 
could not be seen. 

It is thus seen that though we are not able to make quan- 
titative estimates, the values of both H2’-H3’ and H3’-H4’ 
couplings are moderately large. It is this important result 
which helps in precisely determining the sugar geometry and 
in distinguishing among the various conformers in the S do- 
main. It is easy to see that except for G1, G2, C1 l ,  and C12, 
which are the terminal residues, the sugar conformations of 
the other deoxyribose rings lie between 04’-endo (P = 90’) 
and C1’-exo (P = 126’). The C2’-endo geometry which has 
been extensively used in fiber diffraction based models for 
B-DNA can be ruled out since the value of J(H3’-H4’) cor- 
responding to this structure is 0 Hz, rather than the moderately 
large values observed here. 

The conformation of G1 differs from the general pattern 
outlined above. The J value corresponding to Hl’-H2’ in this 
case lies close to the maximum value expected for this coupling 
and would indicate a conformation between Cl’-exo and 
C2’-endo. This is also consistent with the absence of a COSY 
cross peak in the H3’-H4’ spectral region and a somewhat 
lower value for J ( H  l’-H2’’) compared to other nucleotides. 

The case of C12 is complicated by the fact that in this case 
H2’ and H2” have almost identical chemical shifts. The 
general behavior of the intensity patterns leads us to believe 
that the conformation is to the left of 04’-endo (P = 72’-90’). 
In the case of C11, phase-sensitive COSY suggests a behavior 
similar to the nucleotides T3 to A10. However, the low-res- 
olution COSY shows a peak of medium intensity corresponding 
to J(H2”-H3’). Likewise, G2 shows a weak intensity for this 
peak. 

In studies on solution conformations of nonhelical mono- 
and dinucleotides, the NMR coupling constant data have often 
been interpreted in terms of a dynamic equilibrium between 
C2’-endo (or S domain) and C3’-endo (N domain) sugar 
puckers (Govil & Hosur, 1982). While a fast equilibrium on 
the NMR time scale between these two widely different 
conformers is unlikely in double-helical DNA, the proposition 
is nevertheless attractive since the two conformations form the 
basis of models for A and B forms of DNA. The observed 
values of J(Hl’-H2’), J(Hl’-H2”), and J(H2”-H3’) may still 
be explained if a small contribution of C3’-endo conformer 
(less than 20%) is allowed with the C2’-endo as the major 
conformation. However, in such a situation, the time-average 
value of J(H3’-H4’) will be less than 2 Hz, which cannot 
explain the observation of H3’-H4’ cross peaks of sizable 
intensities in the low-resolution COSY spectrum. In fact, none 
of the possibilities irivolving equilibrium between two widely 
different conformations can explain the observed data in Table 
11. It thus seems that the molecular dynamics of the DNA 

H3’ 
G1 G1 ‘ G6 G 6 ’  

I ,?I? 06 l G z & ~ & ~  G8 G8 53 

‘ A 4 A 1 0  A 4 A 1 0  

dJ c5 0 C7 
T9 T3 T9 

i 

1 
c: 

4, 5.0 

1 
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4.4 4 .O 
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FIGURE 9: Expansions of selected regions of the 500-MHz proton 
COSY spectrum of d-GGTACGCGTACC in ’HzO at 25 O C .  (a) 
This panel contains all the expected J-coupling correlations between 
Hl’-H2’, Hl’-H2’’, H2’-H3’, and H2”-H3’. The absent and very 
weak H2”-H3’ cross peaks [J(H2”-H3’) = small] are shown with 
circles in their expected region. (b) This panel contains all the expected 
J-coupling correlations between H3’-H4’. The H3’-H4’ cross peak 
belonging to G1 could not be identified. 

to smaller dispersions in both the H3’ and the H4’ chemical 
shifts (Figure 9b), quantification of these J values is again 
difficult. However, qualitative inferences on the magnitudes 
of J(H2’-H3’) and J(H3’-H4’) can be made from the in- 
tensities of the corresponding cross peaks in the low-resolution 
COSY spectrum. 

Conformation of the Deoxyribose Rings. As discussed 
earlier, the experimental patterns of the phase-sensitive COSY 
multiplets in the HI’-H2’ and Hl’-H2’’ regions permit 
quantitative measurements of three of the five conforma- 
tion-dependent vicinal J values in the individual deoxyribose 
rings of the oligonucleotide VI. The patterns are highly 
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segment GGTACGCGTACC is confined within narrow re- 
gions of the sugar pucker in the S domain. It is possible that 
the terminal sugars G1, G2, C1 1, and C12 are relatively more 
flexible and show wider dynamical swings around their mean 
conformations compared to T3-Al0. 

Estimation of Intra- and Internucleotide Proton-Proton 
Distances ( r ) .  The use of homonuclear NOESY spectroscopy 
in structural determination is based on the fact that the main 
relaxation mechanism for protons is the dipole-dipole inter- 
actions between proton spins in close proximity. At mixing 
times which are short enough to neglect contributions from 
spin diffusion, the volumes ( Vij) of the NOESY cross peaks 
are proportional to the cross relaxation rates aij (Kalk & 
Berendsen, 1976; Wagner & Wiithrich, 1979). The cross 
relaxation rates are, in turn, inversely proportional to the sixth 
power of the distance between the two protons interacting 
through a dipole-dipole interaction: 

whereflw,rc,7,) is a function of the correlation time ( rJ,  the 
mixing time (r,), and the spectrometer frequency (w) .  Under 
conditions of slow motion (or, >> 1), which is the case with 
biological molecules, a simplification arises, and the volumes 
are given by (Ernst et al., 1987) 

Assuming that the correlation time is the same for all proton 
pairs, an assumption which is fairly valid for nucleic acids, one 
obtains eq 3 for ratios of interproton distances. 

V,, a aij = f ( w , ~ , , r , ) r ~ ~  (1) 

Y j  a r,r,rij4 (2) 

Ytj/ Yk, (rk,/rijY (3) 
If therefore one can choose a reliable standard distance in 

the molecule under study, then other proton-proton distances 
can be estimated from the relative volumes of the NOESY 
cross peaks. 

Quantitative estimation of the proton-proton distances re- 
quires as a precondition estimation of the spin-diffusion limits 
which may be different for different protons. For example, 
sugar protons may have lower spin-diffusion limits compared 
to the base protons. Therefore, we have recorded NOESY 
spectra for VI using several mixing times, namely, 50, 75, 100, 
150, 200, and 300 ms. The spectral sets have been used to 
estimate the volumes of the NOESY cross peaks at different 
mixing times with the relation 

where L1 and L2 are the half line widths at the half-heights 
along the w ,  and o2 axes, respectively, and h is the height of 
the peak. Each peak is assumed to have a Lorentzian-ab- 
sorptive line shape along both axes, which is a valid assumption 
when weak apodization functions are used for data manipu- 
lation. In order to measure L1 and L2 of the cross peaks, 
respective rows and columns have been plotted from spectra 
at all mixing times, retaining the same normalization constants 
during the two-dimensional Fourier transformations. 

Figure 10 shows the buildup of some of the NOE volumes 
(Wagner & Wiithrich, 1979; Kumar et al., 1981) for intra- 
and internucleotide cross peaks in oligonucleotide VI. No 
attempts have been made to fit the data to any theoretical 
models. The different shapes of the NOE buildup curves arise 
from the locally different spin-diffusion rates, which in turn 
reflect on the locally different geometries. It is observed that 
even at 100 ms the curves become nonlinear, indicating small 
but finite contributions from spindiffusion in the system. With 
mixing times of 50 ms and lower, the volume estimation of 
the NOESY cross peaks is highly inaccurate because of the 
low intensities of the resonance features. Therefore, NOESY 

Y = ~ L l L z h  (4) 

C H A R Y  E T  A L .  

0 100 200 300 0 1 0 0  200 300 

r, (ms) r d m s )  
FIGURE 10: Buildup of normalized volumes of some intranucleotide 
and internucleotide NOESY cross peaks in d-GGTACGCGTACC 
as a function of mixing time. 

spectra with a mixing time of 75 ms have been used for es- 
timation of interproton distances. 

In all these estimations we have used the thymine H6-CH3 
distance of 3.00 A as a reference. It may be pointed out that 
in DNA there are two other fmed distances, namely, H5-H6 
( r  = 2.45 A) and H2’-H2’’ ( r  = 1.85 A), which can also be 
used as standards in distance measurements. However, both 
of the proton pairs have fairly large scalar couplings (8 and 
14 Hz, respectively). At the short mixing times used in our 
work for obtaining dipolar interactions (75 ms), the J coupling 
correlations may contribute significantly to the NOESY cross 
peaks corresponding to these two pairs of protons. Use of 
H5-H6 and H2’-H2” as standards may therefore lead to a 
wrong estimation of the unknown distances. This was indeed 
the case when we recalibrated the peaks using the H5-H6 
cross peak as reference. The estimated distances were smaller 
by about 0.3-0.5 A. 

Furthermore, when the ratio of the coupling constant J 
between two nuclei is comparable to the corresponding 
chemical shift difference, then the basic spin wave functions 
are mixed, and it is no longer possible to regard a particular 
NOESY peak as arising purely from an interaction between 
two nuclei (Kay et al., 1986; Keeler et al., 1987). From this 
viewpoint, the worst case in oligonucleotides arises from the 
small chemical shifts between the H2’ and H2” protons com- 
bined with their larger scalar couplings of around -14 Hz. In 
the case of the present oligonucleotide, apart from the two 
terminal nucleotides G1 and C12, the J / 6  ratios are less than 
0.2, and hence, such strong coupling effects are unlikely to 
influence the results. 

The accuracy of the distance estimation is connected with 
the accuracy of the volume estimation of the cross peaks. 
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Table 111: Intranucleotide Nonexchangeable Proton-Proton Distances (in Angstroms) in d-GGTACGCGTACC at 25 O C ’  
G G T A C G C G T A C C 

H8/H6-H1’ 3.9 3.6 3.6 3.1 3.1 3.6 3.6 3.9 
H8/H6-H2’ 2.6 2.1 2.6 2.6 2.6 2.5 2.8 2.8 
H8/H6-H2” 3.6 3.7 3.7 3.9 

“The error in the estimation is f0.2 A. The blanks are the result of NOE cross peak overlap. 

5‘- 1 2 3 4 5 6 7 8 9 10 1 1  12-3’ 

38-3 8,35,.38-38 -34-3 7-3 5-3 4-4 0 - 4  3 

d - G  G T A  C G C  G T  A C C  

( a )  

( b )  

( c )  0 0  - c = - = = - - = O 

- “ . A -  “ “  - - -  - 
033s360 3 4  3 5  3 4  3 4  3 7  3 6  3 6  

32-3 2 3 0  30-29 3 4  30-34-32 3 6  

3 2  4 0  3 3  

” “ “ u - ”  

( d )  O - & - - O % O  

FIGURE 1 1 : Measured internucleotide interproton distances between 
nonexchangeable base and sugar protons: (a) (base),+,-(Hl’), (d2);  
(b) (base),+dH2‘), (4’); (c) (baSe),+l-W”), ( d ~ t ) ;  (d) 
(base),+,-(base), (dl). The distances are accurate to h0.2 A. 

However, because of the sixth power dependence of volumes 
on distances, a 20% error in volume estimation is found to 
affect distances only to the extent of 0.2 A. Errors in volume 
estimation arise due to the following reasons: (i) insufficient 
digital resolution; (ii) apodization functions distorting line 
shapes; (iii) linewidth L, often limited by poor resolution in 
the spectrum, which in turn is due to a limited number of data 
points along t l ;  (iv) poor S / N  ratio; (v) insufficient repetition 
time between scans; (vi) “tl-noise” overriding peaks. The 
reliability of distance estimates from volume measurements 
is also connected with the motions in the molecules. In the 
event of excessively fast motions, the distances are likely to 
be overestimated. There will also be inconsistencies in the 
relative distances, and such situations would point to confor- 
mational equilibria. In the present case, all the measured 
distances show internal consistencies with the proposed ge- 
ometries along the length of the molecule. 

Following the method mentioned above, 55 interproton 
distances have been measured in VI. Figure 11 shows the 
estimated internucleotide distances dl, d,, and d3, namely, those 
between the base H8/H6 protons of residue i + 1 and the base 
and sugar protons Hl’/H”/H2’’ of residue i. The inter- 
nucleotide distances are given in Table 111. The blanks in 
Figure 11 and Table I11 are due to extensive overlaps of the 
corresponding NOESY cross peaks which interfere with 
precise measurements of volumes. The magnitudes of the 
distances reported in Figure 11 and Table I11 and the labels 
on the observed NOES suggest that the oligomer is a right- 
handed duplex, presumably B-DNA. 

Glycosidic Dihedral Angle. The intranucleotide distances 
between the base (H6/H8) and the sugar protons depend both 
on the sugar pucker and the glycosidic dihedral angle (x). 
Since in the present case the sugar pucker has already been 
determined as close to 04’-endo, it is possible to use the in- 
tranucleotide base to sugar distances to measure the angle x. 
For example, Figure 12 shows the calculated intranucleotide 
distances between the base (H8/H6) and sugar (Hl’, H2’, 
H2”, H3’, and H4’) protons as a function of x for the 04’-endo 
geometry. Similar calculations have been reported earlier for 
other sugar geometries (Nanda et al., 1974; Wiithrich, 1986). 
It is clear from this figure that the base (H8/H6) distance 
from the H4’ proton is more than 4.3 A for all values of x. 
Hence, this distance will not give rise to NOESY cross peaks 
below the spin-diffusion limits. However, other distances vary 
widely in the range 1.5-6.0 and are very sensitive to the x 
value. Therefore, these distances can be utilized to fix the 
glycosidic dihedral angle. In the present analysis, we have 

“4 
L 

I t ? / / ,  1 I ,  1 1  I I I I I ,  I ,  1 ,  
36 72 108 144 180 216 252 288 324 360 X fold1 . .. 

180 X (IUPAC) -180 0 

FIGURE 12: Plots of variation of different intranucleotide base 
(H8/H6) to sugar interproton distances as a function of glycosidic 
dihedral angle x with 04’-endo sugar pucker. The shaded area depicts 
the preferred region in 8 out of the 12 nucleotides in d- 
GGTACGCGTACG. The two scales along the x axis corresponds 
to the two widely followed conventions for measuring angles. On the 
top, the x angle is measured along 04’-Cl’-Nl-C6 for pyrimidines 
and 04’-Cl’-N9-C8 for purines. At the bottom, the x angle is 
measured along 04’-Cl’-Nl-C2 for pyrimidines and 04’-C1’- 
N9-C4 for purines. In our previous work, we have followed the 
convention at the top. In the text of this work, we have adopted the 
lower conventions following IUPAC recommendations. The con- 
ventions differ by 180O. Likewise, the 01’ atom in the old convention 
has been relabeled as 04’ in this paper. 

utilized the distances between the base (H8/H6) proton and 
the sugar Hl’, H2’, and H2” protons to obtain the value of 
x. Distances involving H3’ could not be estimated because 
of the lower dispersions among the spectral features in this 
region of the NOESY spectrum. 

In the case of G2, T3, T9, and C11, all the three distances 
have been estimated. In these four cases, the H8/H6-Hlt 
distances are in the range 3.6-3.9 A. The H8/H6-H2’ dis- 
tances are in the range 2.5-2.8 A, and the r(H8/H6-H2’’) 
values are 3.6-3.9. In the case of the C5, G6, C7, and G8 
units, though we have not been able to estimate r(H6/H8- 
H2”), the H6/H8-H1’ and the H6/H8-H2’ distances provide 
sufficient information to fix the x values. In these nucleotides, 
the base to H1’ and the base to H2’ distances are in the range 
3.6-3.7 and 2.6-2.8 A, respectively. From these distance 
estimates, it is possible to conclude that the x values are 
centered around -1 30 f 15O. The observations are indicated 
by the shaded region in Figure 12. In the case of G1, A4, A10, 
and C12, no intranucleotide base to sugar proton-proton 
distances could be measured because of signal overlaps and 
the end effects. Hence, the x values could not be estimated. 

It may be mentioned that in A-DNA, the x values have been 
found to be around -155O, both from fiber and from single- 
crystal data (Amott et al., 1980 Kennard, 1985). A somewhat 
larger deviation is observed in B-DNA. The average values 
are reported to be -102O from fiber data (Arnott et al., 1980). 
In the crystal structure of CGCGAATTCGCG (Dickerson 
& Drew 1981), the x values span the range -90 to -135O and 
show a strong correlation with the sugar pucker. For 04’-endo 
geometries, the observed x values are close to -125’. 

Comparison of the Conformation of d-GGTACGCGTACC 
with DNA Models. In Table IV we compare the intra- and 
internucleotide proton-proton distances for A- and B-DNA 
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Table IV: Comparison of Intranucleotide and Internucleotide 
Distances between Nonexchangeable Protons in 
d-GGTACGCGTACC with Those of Standard A-DNA and B-DNA 

distance A-DNA’ B-DNA’ d-GGTACGCGTACC 
~~~~ 

6;ranucleotide Distances 
H6-H1’ 3.4 3.6 3.6-3.1 
H8-Hl‘ 3.6 3.8 3.6-3.9 
H6-H2‘ 4.0 2.1 2.6-2.8 
H8-H2’ 4.5 2.5 2.6 
H6-H2” 4.4 3.4 3.6-3.9 
H8-H2“ 4.5 3.5 3.7 

Internucleotide i + 1 - i Distances 
H6-H1‘ 4.6 3.5 3.4-4.0 
H8-H1 4.6 3.6 3.4-3.8 
H6-H2’ 2.0 4.0 3.3-3.6 
H8-H2‘ 2.1 3.8 3.4-3.6 
H6-H2” 3.1 2.2 2.9-3.6 
H8-H2” 3.9 2.1 3.2-3.4 
CH,-H8 3.4 3.8 3.2-3.5 
H5-H6 3.9 3.9 4.0 
H5-H8 3.8 3.9 3.5 

‘Wilthrich (1986). 

as reported by Wuthrich (1986) with the observed distances 
for the present dodecamer. In general, the experimental 
distances show a reasonable correspondence with the estimated 
distances for a standard B-DNA structure. The striking ex- 
ceptions are the distances of the base (H8/H6) protons to the 
H2’ proton within the same nucleotide unit and the distances 
between the H6/H8 protons of the ith + 1 nucleotide unit and 
the H2” protons of the sugar unit in the preceding nucleotide 
( i ) .  The first difference is solely a manifestation of the dif- 
ferences in the sugar pucker present in VI (Le., close to 
04’-endo) and that used in the B-DNA model (close to 
C2’-endo). The second difference is a combined result of 
different torsional angles in the sugar-phosphate backbone, 
including the sugar pucker. 

While such comparisons are interesting, it is important to 
realize that the standard geometries employed by Wiithrich 
are based on the fiber data and do not take into account 
sequence-specific effects. One of the important differences 
between the A and the B forms is in the conformation of the 
sugar ring. The models generally use a conformation close 
to C3‘-endo for the A form and C2’-endo or a geometry close 
to it for the B form (Amott et al., 1980; Govil & Hosur, 1982). 
Recent crystal structure data on a number of oligonucleotides 
which have been crystallized in the A form confirm that the 
conformation is fairly narrowly confined (average deviations 
are less than 20° in backbone dihedral angles for the A-DNA) 
and the sugar pucker is close to C3’-endo (Kennard, 1985). 
On the other hand, the B-DNA shows much wider se- 
quence-dependent variations. For example, in the crystal 
structure of CGCGAATTCGCG (Dickerson & Drew, 1981), 
the sugar geometries show sequence-dependent variations 
ranging from CY-endo to C2’-endo. The NMR data from our 
own laboratories for the molecules I-V listed in the intro- 
duction and those reported by others also indicate that the 
B-DNA can adopt much wider sequence-dependent confor- 
mational variations. In solutions, average sugar geometry is 
closer to 04’-endo than to C2’-endo (Hosur et al., 1986a,b, 
1987b; Sheth et al., 1987a,b). The variations in the structure 
are not localized to the sugar pucker but are reflected in the 
other torsional angles, thereby altering the orientation of the 
phosphate groups and the relative positioning and stacking of 
the base pairs, which are the two important functional groups 
from the view of protein recognition. 

In terms of establishing 3D geometry of DNAs by use of 
a sole NMR technique, it may be stated that the inter- 

nucleotide distances shown in Figure 11 provide useful handles 
to determine the backbone dihedral angles. For example, the 
interbase distances, namely, G2 H8 - T3 CH3, A4 H8 - 
C5 H5, G6 H8 - C7 H5, G8 H8 - T9 CH3, and A10 H8 - C11 H5, indicate that the molecule is a right-handed helix. 
The number of measured internucleotide distances (four in 
most favorable cases) is not sufficient to uniquely fix the five 
backbone dihedral angles uniquely. However, even at this 
stage, it is evident from the variations in the distances that 
there are small but finite differences in the backbone dihedral 
angles along the sequence of the molecule. 

It may be clear that compared to some of the other re- 
striction enzyme binding sequences studied by us including 
the related oligomer GGATCCGGATCC, the present dode- 
camer exhibits a more uniform structure. In this case, the 
major structural variations are localized to the terminal res- 
idues G1, G2, C11, and C12. In addition, d ,  connectivities 
in the NOESY spectrum are found to be missing in certain 
segments (Figure 1 Id), implying somewhat larger base-base 
distances in these regions compared to those in B-DNA. 

CONCLUSIONS 
It has been our endeavor to develop the NMR methodology 

to obtain the maximum possible information on solution 
conformations of nucleic acids from the experimental meth- 
odologies of 2D NMR rather than to rely partly on energy 
minimization or molecular dynamics. At the level described 
in this paper, such a goal has been largely achieved. For 
example, we are able to fix the sugar geometries and the 
glycosidic bond dihedral angles. We can also obtain four 
sequential internucleotide (intrastrand) distances. Through 
imino proton resonances, the hydrogen-bond networks can be 
identified. For the A-T base pairs, it is also possible to measure 
some of the interstrand distances. With these additional 
constraints, it may be possible to work out the complete 
structures of nucleic acids entirely from NMR data. 
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