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Two-dimensional proton nuclear Overhauser effect (NOESY) spectra were obtained as a function of mixing time for two DNA dodecamers, 
S-CGCGAATTCGCG-3’ and 5’-CGCAAATTTGCG-3’, in aqueous solutions. The time evolution of cross-peak volumes was quantitatively 
analyzed based on the approximate solution of the relaxation/exchange equation over a range of mixing times from 30 to 150 ms. Inter-proton 
distances, involving exchangeable protons in key locations of the structures, were calculated and compared to the distances predicted by the crystal 
structures. These NMR-derived distances enhance the number of constraints, and their accuracy, for determination of solution structures of the 

two DNA dodecamers. 
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1. INTRODUCTION 

Nuclear magnetic resonance (NMR) spectroscopy is 
the method of choice for determination of three-dimen- 
sional structure of nucleic acid oligonucleotides in the 
solution state. The method relies upon 2D nuclear Over- 
hauser effect spectroscopy (NOESY) to obtain inter- 
proton distances, and these are subsequently used as 
constraints in distance geometry or molecular dynamics 
algorithms to generate the structures (for a review see 
[l]). Inter-proton distances are calculated from a two- 
spin approximation or from a full relaxation rate matrix 
analysis of NOESY cross-peak volumes [l-6]. Distance 
information is often supplemented by restraints on tor- 
sion angles obtained from 2D correlation spectra [l]. 

The resolution of nucleic acid NMR structures can be 
improved by using a greater number of constraints and 
by increasing the accuracy of these constraints. Dis- 
tance constraints on exchangeable protons are of special 
interest due to the key locations of these protons in 
double-helical DNA molecules. In the present work, we 
have used NOESY spectra, and their time-dependence, 
to obtain reliable estimates for inter-proton distances 
involving exchangeable protons in two DNA dode- 
tamers in aqueous solution. The DNA dodecamers cho- 
sen (Fig. 1) have been previously investigated by X-ray 
crystallography and by NMR in deuterated solvents 
[15-191. Imino proton exchange and base-pair opening 
in these dodecamers have also been characterized by 
this laboratory [20,21]. 

The majority of inter-proton distances used in struc- 
ture determination of nucleic acids has involved non- 
exchangeable protons of bases and sugars. The use of 
exchangeable protons has been limited by technical 
complexities associated with their quantitative observa- 
tion and by their exchange with solvent protons. In 
some cases, NOESY cross-peaks of exchangeable pro- 
tons at a single mixing time, usually longer than 100 ms, 
have been used to obtain approximate lower and upper 
bounds for the distances [7-131. In other cases, cross- 
peaks of DNA exchangeable protons have been treated 
qualitatively, by dividing them into weak, medium and 
strong categories, in a manner similar to that used in 
proteins [14]. 

2. MATERIALS AND METHODS 

*Corresponding author. Fax: (1) (203) 344- 7952. 

Abbreviations:NMR, nuclear magnetic resonance; lD, one-dimen- 
sional; 2D, two-dimensional; NOESY, nuclear Overhauser effect spec- 
troscopy. 

The DNA dodecamers were synthesized using the solid-support 
phosphoramidite method and purified using reverse-phase HPLC on 
a Hamilton PRP-1 semi-preparative column. Samples were dialyzed 
against 10 mM phosphate buffer, pH 7.0, containing 100 mM NaCl 
and 2 mM EDTA. The DNA concentration (duplex) was 3.9 mM for 
A2T2 dodecamer and 1.9 mM for A,T, dodecamer. 

The NMR experiments were carried out at 5°C on a Varian VXR- 
400 spectrometer operating at a proton frequency of 400 MI-Ix. The 
spectra were referenced to 2,2-dimethyl-2-silapentane-5-sulfonate 
(DSS) and the water resonance was at 4.98 ppm. 1D spectra were 
recorded using the jump-and-return pulse sequence [22]. The excita- 
tion maxima were set at 7.80 ppm and 13.45 ppm thus allowing for 
nearly optimal observation of both the imino and amino protons in 
the same experiment. Non-selective proton spin-lattice relaxation 
times (T,) were measured by the inversion-recovery method. Selective 
T,‘s were measured by the saturation-recovery method in which each 
resonance was saturated individually. NOESY spectra were obtained 
using the regular pulse sequence: 
R’repamtion, P, - Evolution (t,), P2 - Mixing (r,J, P, - Detection (t&l 
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Each of the pulses, P,, P, and P,, was replaced by a jump-and-return 
pulse [23], and phase cycling was as described by States et al. [24]. 
Seven NOESY spectra were obtained for mixing times, r, ranging 
from 30 to 150 ms. The preparation delay was 2.06 s which allows for 
at least 80% recovery of magnetization of all protons (under the same 
experimental conditions, the non-selective proton T, values in the two 
dodecamers range from 0.4 s to 1.3 s). 512 complex points were 
acquired with a sweep width of 9,000 Hz and 32 scans for each t, value. 
The data were apodized with a gaussian (15.5 Hz) and a 90”~shifted 
sine-bell function (12.5 Hz) and transformed as a 4K x 4K matrix. 

The 2D excitation profile for the NOESY pulse sequence was deter- 
mined on a sample of 99.8% D,O. The transmitter offset was incre- 
mented in 0.3 ppm steps away from the frequency of the residual HDO 
resonance. The excitation of the HDO resonance was found to be 
within 5% of the values predicted by 

A(w,,wJ = sin2(w, r) sin@, r) (I) 

where w, and w, denote the precession frequencies relative to water 
signal during t, and t,, respectively [23]. 

Cross-peak volumes were measured by integration of the traces in 
both dimensions as described [25]. For each symmetrically related pair 
of cross-peaks, volumes were measured separately on each side of the 
diagonal, corrected for excitation according to eqn. 1 and then aver- 
aged. The errors in cross-peak volume measurements were estimated 
at + 15%. Cross-peak volumes were normalized using the volume of 
a single proton diagonal peak, namely H2 of adenine in position 6 
(resonances at 7.61 ppm in the A,T, dodecamer, and at 7.49 ppm in 
the A,T, dodecamer). The intensity of the diagonal peak was measured 
as a function of mixing time, and the resulting relaxation curve was 
extrapolated to a mixing time of zero to obtain the intensity used for 
normalization [26]. 

NOESY build-up curves were analyzed based on the equation: 

dA (%I) 
- = -L . /4(&J 

d rrn (2) 

A(r,) is the matrix of diagonal and cross-peak volumes and 
L = R-K where R is the symmetrical relaxation rate matrix and K is 
the kinetic matrix describing the exchange between DNA exchange- 
able protons and water protons [27]. Solution of eqn. 2 for cross-peak 
volumes was approximated in the range of mixing times used as [271: 

Experimental cross-peak volumes were fitted to eqn. 3 using a non- 
linear least-squares algorithm. For most cross-peaks, the NOESY 
build-up curves were described satisfactorily by the second-order pol- 
ynomial in r,. In some cases (such as cross-peaks between cytosine 
amino protons in the same base and cross-peaks between imino pro- 
tons in successive base pairs), the third-order polynomial gave a signif- 
icantly better fit of the data. 

Atomic coordinates for the crystal structures of A2T2 [28] and A,T, 
[17] dodecamers were obtained from the Nucleic Acid Database [29]. 
Proton coordinates were generated using the program Quanta on an 
Iris Silicon Graphics workstation. 

3. RESULTS 

The NOESY spectra and resonance assignments are 
illustrated in Fig. 2 for the A,T, dodecamer. All cross- 
peaks between thymine H3 imino and adenine H2 pro- 
tons, and between guanine Hl imino and cytosine H4 
amino protons are observed. The cross-peaks between 
thymine H3 imino and adenine H6 amino protons are 
broad or poorly resolved except for the cross-peak be- 

tween the irnino and non-hydrogen-bonded amino pro- 
ton in base pair A6 * T7 v, = 5.98 ppm and fi = 13.73 
ppm). Similarly, the cross-peaks between guanine Hl 
imino and H2 amino protons are not observed because, 
at 5°C the resonances of these amino protons are 
broadened, probably due to rotation about the C-N 
bond. 

Representative examples of NOESY build-up curves 
for the two dodecamers are shown in Figs. 3-6. 

Inter-proton distances were calculated from cross- 
relaxation rates determined from the term linear in r, 
in eqn. 2. The reference for cross-relaxation rate was 
that between thymine H6 and CH, protons within the 
same base (Fig. 3). Alternative reference cross-peaks 
(e.g. cytosine H5-H6 or deoxyribose H2’-H2”) were 
not chosen for the following reasons. The volumes of 
most cytosine H5-H6 cross-peaks are too low to be 
quantitated because H5 protons resonate close to water 
(5.4 5.6 ppm) and their excitation in the pulse sequence 
is low (eqn. 1). For the terminal cytosines, the volumes 
of the HS-H6 cross-peaks are higher (e.g. cross-peak at 
5.81 ppm/7.61 ppm in Fig. 2B) but are also affected by 
fraying at the ends of the duplex. Deoxyribose H2’-H2” 
cross-peaks are not resolved sufficiently well for accu- 
rate integration of their volumes. The correlation times 
for overall DNA motion were calculated at 5’C using 
rotational diffusion coefficients obtained from the hy- 
drodynamic theory of Tirado and Garcia de la Torre 
[30], and they are: r,, = 4.4 ns and rI = 55.2 ns. The 
effect of internal rotation upon the cross-relaxation rate 
between thymine H6 and CH, protons was included in 
the analysis using the model developed by Tropp [31] 
for cylindrical molecules with internal rotation de- 
scribed as three-state jumps. A correlation time of 0.1 
ns was assumed for internal rotation of the methyl 
group. With these values, the observed cross-relaxation 
rate corresponds to a pseudoatom replacing the methyl 
group and situated at r,, = 2.89 A from H6, with the 
inter-nuclear vector perpendicular to the helix axis. This 
distance was used as a reference in calculations of all 
other distances based on: Oijlao = (rd~-,,)“~, where crO is 
the reference cross-relaxation rate and bij and ‘ij are the 
cross-relaxation rate and distance, respectively, of the 
proton pair of interest. For the latter, the dependence 

123456 

APT2 dodecamer 5’-C G C GAATTCGCG-3’ 
3*-G C G CT T AAGCGC-5’ 

121110 9 8 7 

123456 

A3T3 dodecamer 51-C G C A A A TTTGCG-3’ 
31-G C G T T T AAACGC-5’ 

1211 10 9 8 7 

Fig. 1. Base sequences of the DNA dodecamers used in this study and 
their abbreviations. 
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Fig. 2. Expanded regions of the NOESY spectrum of A,T, dodecamer (100 ms mixing time). (A) Cross-peaks involving imino protons; (B) 
cross-peaks involving amino and non-exchangeable protons. 

of the cross-relaxation rate upon the orientation of the 
inter nuclear vector was included in the calculations 

using Woessner’s model [32]. The angles between the 
inter-nuclear vector and the helix axis were calculated 
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Fig. 3. Dependence of NOESY volumes on mixing time for cross- 
peaks between thymine H6 and CH, protons in A,T, and A,T, dode- 
tamers. The curves represent fits to a second-order polynomial in r, 

(eqn. 3). 

based on the crystal structure coordinates. Representa- 
tive inter-proton distances for the two dodecamers are 
shown in Tables I and II. The tables also include dis- 
tances derived from the crystal structures for each ol- 
igonucleotide [17,28]. 

4. DISCUSSION 

The results obtained in the present work demonstrate 
that reliable NOESY build-up curves involving ex- 
changeable protons in DNA oligonucleotides can be 
obtained by using the NOESY pulse sequence with 
three jump-and-return pulses [23]. The reliability of the 
method can be tested by comparing build-up curves for 
cross-peaks between protons for which the distance is 
fixed. For example, the build-up curves for thymine 
H6CH, cross-peaks in base pairs A5 . T8 and A6 . T7 
of both dodecamers are almost identical (Fig. 3). Simi- 
lar results are observed for cross-peaks between hydro- 

0.05 0 GIO-“1 - A4-H2 

P 

L1 T9.H3 - A5-HZ ,- 
UJ 

3 0.04 
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- - - !- / 
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Ib 
. . . / 

ii? 

/ 

0.03 St 

0 30 60 90 120 150 
MIXING TIME (ms) 

Fig. 4. Dependence of NOESY volumes on mixing time for cross- 
peaks between imino and adenine H2 protons in successive base pairs 
in A,T, dodecamer. The curves represent fits to a second-order poly- 

nomial in r, (eqn. 3). 

G2-HI GIO-Hl 

Fig. 5. Dependence of NOESY volumes on mixing time for cross- 
peaks between imino protons in AZT2 dodecamer. The curves repre- 

sent fits to a third-order polynomial in r, (eqn. 3). 

gen bonded and non-hydrogen-bonded protons in 
amino groups of inner cytosines of both dodecamers 
(Fig. 6). 

Evaluation of inter-proton distances from NOESY 
build-up curves requires solving the full set of differen- 
tial equations in eqn. 2. One limitation in this approach 
has been the lack of experimental volumes for over- 
lapped and poorly resolved cross-peaks. In aqueous so- 
lutions, the number of NOESY cross-peaks that are 
unaccessible experimentally is larger than in deuterated 
solvents due to the large solvent resonance, the pulse 
scheme used for its supression, and the exchange-broad- 
ening of some resonances. Moreover, under these exper- 
imental conditions, the matrix, K, describing the ex- 
change between DNA protons and water protons, must 
be known. Again, this matrix is incomplete since, for 
protons that are exchange-broadened, exchange rates 
cannot be measured (for example, amino protons in the 
guanines and in some of the adenines in the two dode- 

Table I 

Comparison of selected NMR-derived distances (A) involving ex- 
changeable protons with distances predicted by the crystal structure 

for A,T, dodecamer 

Proton pair NMR Crystal 

G2-Hl-GlO-HI 3.2 3.5 
G4-Hl-GlO-HI 2.5 3.1 
G4-Hl-T8-H3 3.7 3.9 
GlO-Hl-C3-H4A 2.4 2.7 
G4-HlLC9-H4A 2.4 2.7 
C3-H4A-C3-H4B 1.8 1.8 
C9-H4A-C9-H4B 1.8 1.8 
T7-H3-A6-H2 2.4 2.8 
T8-H3-A5-H2 2.4 2.7 
T8-H3-A6-H2 2.9 3.4 
G4-Hl-A5-H2 3.4 3.7 
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Fig. 6. Dependence of NOESY volumes on mixing time for cross- 
peaks between hydrogen-bonded (H4A) and non-hydrogen-bonded 
(H4B) amino protons in inner cytosines in A2T2 and A,T, dodecamers. 
The curves represent fits to a third-order polynomial in t, (eqn. 3). 

tamers studied here). For these reasons, in the present 
work, we have opted for a range of mixing times in 
which the approximated solution (eqn. 3) for multi-spin 
relaxation and exchange can be used (Figs. 3-6). The 
coefficient, L,, in the term linear in r, in eqn. 3 gives 
directly the cross-relaxation rate and is not affected by 
exchange with water. Exchange with water affects, how- 
ever, the coefficients of the terms of second- and higher- 
order in r,. For example, it can be readily shown that 
the coefficient of the term quadratic in r, depends on 
exchange as follows: 

C L, L, = C R',k R', + k,, . k. 
k k 

JW 

where R’, is related to the elements of the relaxation 
rate matrix by: R’, = R,J for off-diagonal and 

Table II 

Comparison of selected NMR-derived distances (A) involving ex- 
changeable protons with distances predicted by the crystal structure 

for A,T, dodecamer 

Proton pair NMR Crystal 

GZHl-GlO-HI 2.8 3.7 
T9-H3-GlO-Hl 3.6 3.5 
G2-Hl-Cll-H4A 2.5 2.8 
GlO-HlLC3-H4A 2.5 2.5 
C3-H4A-C3-H4B 1.9 1.8 
T7-H3-A6-H2 2.5 2.8 
T8-H3-A5-H2 2.6 3.1 
T9-H3-A4-H2 2.6 3.1 
T8-H3-A6-H2 3.1 3.2 
T9-H3-A5-H2 2.9 3.1 
GlO-Hl-A4-H2 3.1 3.9 

R’i, = Rii + ki, for diagonal elements. The rate constants 
for exchange of a DNA proton, i, with water protons 
are defined as: 

kiw 
i$W 

k WI 

At equilibrium:J; . k,w, = f, * k,, wherex and fw are the 
molar fractions of spin i and water spins, respectively. 
Since f, G 1, k, =J; . ki, (e.g. kk = ki, . 10m5 for a 1.1 
mM DNA solution). Hence, the term k,i * k,, is negligi- 
ble and exchange affects only the spin-lattice relaxation 
rates (R’,,) of the protons of interest. Larger spin-lattice 
relaxation rates should clearly decrease the observed 
NOE’s. 

In the present work, we have chosen experimental 
conditions that should minimize the exchange between 
DNA exchangeable protons and water protons, namely, 
lower temperature and a buffer (i.e. phosphate) which 
is an inefficient catalyst for imino proton exchange. The 
exchange rates were measured from NOESY experi- 
ments in which only the observation pulse (P3) was a 
jump-and-return pulse. They were calculated, as de- 
scribed [33], from the volumes of exchange cross-peaks 
between DNA and water protons and the selective spin- 
lattice relaxation rates of DNA exchangeable protons 
at 5°C (2.9-4.5 s-l). The exchange rates were found to 
range from 0.1 to 0.3 s-‘. These values are 10% or less 
of the spin-lattice relaxation rates (R’ii). Hence, the con- 
tribution of exchange to the term quadratic in r, in eqn. 
3 should be small and should affect to a minimal extent 
the NOESY build-up curves over the range of mixing 
times employed here. 

Comparison of distances obtained from NMR to 
those derived from crystal structures suggests that the 
overall structures of both dodecamers are similar in 
solution and in the crystal (Tables I and II). From a 
total of 80 distances determined in the present work, 
55% of them are within f 10% of those predicted by 
crystal structures. Differences larger than 0.6 A are ob- 
served for approximately 20% of the distances. The de- 
tailed comparison of inter-proton distances awaits de- 
termination of the complete solution structures. 

Inter-proton distances obtained from NOESY spec- 
tra in water provide additional accurate constraints for 
the refinement of the structures of DNA oligonucleo- 
tides in solution state. They complement similar meas- 
urements in deuterated solvents and, when used to- 
gether, these distance constraints should improve signif- 
icantly the determination of solution structure of DNA. 
We are currently using this approach to determine the 
structures of the two dodecamers discussed in this 
paper. 
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