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Two-dimensional nuclear Overhauser enhancement (NOESY) spectra of labile protons were recorded in H 2 0  
solutions of a protein and of a DNA duplex, using a modification of the standard NOESY experiment with all 
three 90" pulses replaced by jump-and-return sequences. For the protein as well as the DNA fragment the 
strategically important spectral regions could be recorded with good sensitivity and free of artifacts. Using this 
procedure, sequence-specific assignments were obtained for the imino protons, C2H of adenine, and C4NH2 of 
cytosine in a 23-base-pair DNA duplex which includes the 17-base-pair OR3 repressor binding site of bacteriophage 
A. Based on comparison with previously published results on the isolated OR3 binding site, these data were used 
for a study of chain termination effects on the chemical shifts of imino proton resonances of DNA duplexes. 

For 'H-NMR studies of nucleic acids in H 2 0  solution, 
where selective saturation (e.g. [l]) cannot be employed, a 
variety of different solvent suppression schemes by selective 
excitation have been applied with one-dimensional (1 D) 
Fourier transform experiments [2- 161. Some of these tech- 
niques were recently also adapted for use with two-dimen- 
sional (2D) NMR, in particular 2D nuclear Overhauser en- 
hancement spectroscopy (NOESY). Thereby, in all but one 
[17] of the modifications of the basic NOESY pulse sequence, 

90"-t, -9Oo-z,,-90"-Acq.(tz) (1) 
only the last pulse was replaced by a semiselective excitation 
scheme [18-231. This leads to a 2D excitation profile which 
exhibits the spectral amplitude response of the semiselective 
pulse along wz, but is uniform along the w1 frequency axis. 
This could be very powerful with a phase program which 
assures that the combined effects of the first two pulses in the 
NOESY experiment always lead either to an effective 0-degree 
or 180-degree rotation at the frequency of the water reso- 
nance. The water magnetization would thus be parallel to the 
z-axis at all times except during t l ,  but irrespective of the 
radio-frequency carrier position relative to the water line such 
phase cycles would invariably also lead to folding of the 
spectrum along o1 about the water resonance [24]. On the 
other hand, all experimental schemes which prevent folding 
of the spectrum along w1 include scans which bring water 
magnetization into the x,y plane during the mixing time z,, 
so that after the semiselective observation pulse a huge water 
signal must be acquired. This situation would be less severe 
in experiments with a long mixing time, during which most of 
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Abbreviations. NOESY, two-dimensional nuclear-Overhauser-en- 
hancement spectroscopy; 1 D, one-dimensional; 2D, two-dimen- 
sional. 

the transverse magnetization could relax. Quite generally, it 
could also be improved with a homospoil pulse applied during 
the mixing time. 

Different approaches can be based on the use of three 
semiselective pulses in the NOESY experiment [17]. The water 
resonance then remains essentially unexcited throughout, so 
that this scheme offers a maximum degree of water signal 
suppression for 2D experiments. A disadvantage, however, is 
that the excitation of the 'H-NMR spectrum is no longer 
uniform in the o1 dimension. Both the excitation amplitudes 
and the phase characteristics along o1 are determined by the 
spectral amplitude response and by phase shifts caused by the 
two semiselective pulses which frame the evolution period. In 
phase-sensitive recordings this may necessitate large linear 
phase corrections, which inevitably convert the wings of large 
signals into a baseline roll [14]. In this note we propose a 
novel scheme which is free of phase shifts from the use of 
semiselective pulses, i.e. replacement of all three pulses in 
NOESY by jump-and-return pulse sequences [9]. This new 
NOESY scheme is then used for obtaining sequential NMR 
assignments for the labile protons in a DNA duplex 
comprising 23 base pairs. 

MATERIALS AND METHODS 

The 23-base-pair DNA duplex of Fig. 1 was synthesized 
as two single-stranded polynucleotides by a solid-phase 
phosphotriester method as described previously [25]. The 
sodium salt of the duplex was dissolved in a 0.05 M phosphate 
buffer containing 0.1 M NaCl and 10% 2Hz0, pH 7.0. The 
DNA concentration was 3.6 mM in duplex. Basic pancreatic 
trypsin inhibitor was used as obtained from Bayer AG 
(Trasylol@). A 20 mM solution in 90% H 2 0  + 10% 'H20, 
pH 4.3 was prepared for the NMR experiments. 
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Fig. 1. Chemical structure of the 23-bp D N A  coizfaining the I 0 x 3  
repressor binding site (base pairs 4 - 20) which was usedfor this study. 
The base pair numbers referred to in the text and in Table 1 are 
indicated. Below the sequence the sequential NOES used for obtaining 
NMR assignments of labile protons and adenine 2H are indicated. 
Solid lines identify NOES seen at 310 K, broken lines those observed 
only at 293 K 

2D NMR spectra were recorded at 500 MHz on a Bruker 
WM 500 spectrometer, or at 360 MHz on a Bruker AM 360 
spectrometer. For all spectra the regular NOESY phase cycle 
with quadrature detection was used [26, 271. The 90^ pulse 
width was determined by minimizing the initial data points of 
a free-induction decay obtained with a sequence of two 90" 
pulses applied in immediate succession. Spectral parameters 
and further experimental details are given in the figure 
captions. 

For solvent suppression all three 90° pulses in the NOESY 
scheme (1) were replaced by the jump-and-return sequence 

(90': - z - 900,). (2) 
Fundamentally, the advantage of this approach relative to the 
earlier solvent suppression schemes for 2D NMR [I7 -231 
stems from the fact that the jump-and-return sequence is the 
only semiselective pulse sequence known which causes no 
linear phase shifts. There are also practical benefits resulting in 
rapid experimental setup, since one neither needs to determine 
pulse widths for flip angles smaller than 90" nor to adjust 
pulse powers. The 2D excitation profile A (wl, w2)  from this 
modification of the NOESY experiment is given by 

A (a1, w2) = sin2 (wl 7) sin (w2 z) (3) 
where ml and w2 denote the precession frequencies relative to 
the suppressed solvent signal during t l  and t 2 ,  respectively. 
From Eqn (3) ,  which neglects off-set effects as well as relaxa- 
tion and precession due to scalar coupling during the waiting 
time z, one estimates that relative to an experiment without 
solvent suppression the loss of signal intensity for the DNA 
imino proton resonances will be less than lo%, if the first 
excitation maximum is set within the spectral region of the 
imino protons. The regular NOESY phase cycle with 
quadrature detection can be used [26,27]. The 90" pulse width 
has to be determined rather carefully (see above), since the 
phase program cannot completely compensate for miss-set 
pulse lengths and therefore nonlinear phase shifts along both 
o1 and w2 might otherwise be encountered. 

RESULTS 

The distribution of the 'H chemical shifts in proteins and 
nucleic acids [28] is sufficiently different so that experiments 
with both classes of compounds provide complementary in- 
formation on the excitation profiles in experiments with 
semiselective irradiation. Therefore we used measurements 
with a protein and with a DNA duplex to test the solvent 
suppression scheme described in the preceding section. Sub- 
sequently the NOESY spectra obtained with the DNA were 
used for sequential assignments of the labile protons. 

Solvent suppression by the modified NOESY scheme 
with three jump-und-return sequences 

A comparison of the NOESY experimental schemes with 
only the third 90" pulse, or all three 90" pulses, respectively, 
replaced by jump-and-return sequences is afforded by Fig. 2. 
Fig. 2A shows a spectrum of basic pancreatic trypsin inhibitor 
obtained with only the last NOESY pulse replaced by a jump- 
and-return sequence. Clearly, comparison with corresponding 
spectra recorded with water saturation (e.g. [29]) shows that 
the excitation is uniform along wl. A stripe of exchange peaks 
between water and rapidly exchanging labile protons I281 can 
be seen near o1 = 4.6 ppm. Fig. 2B shows the spectrum 
obtained with all three pulses of the NOESY sequence re- 
placed by jump-and-return pulse sequences. The excitation 
along w1 is modulated with a sin2 function (Eqn 3) with 
maxima at intervals of about 3.5 ppm relative to the water 
resonance. The first maxima are thus at about 1.0 ppm and 
8.0 ppm. Compared to Fig. 2A, the signal-to-noise ratio is 
improved in the regions near the excitation maxima, since 
the improved water suppression allowed the use of a higher 
receiver gain setting. Overall, these experiments with basic 
pancreatic trypsin inhibitor thus afford a good illustration of 
the excitation profiles for NOESY with one or three jump- 
and-return sequences, respectively. 

The labile protons of DNA duplexes exhibit cross peaks 
in two quite narrow and well separated spectral regions, and 
therefore a non-uniform excitation profile can be selected 
which leads to minimal loss of information, since the spectral 
regions near the excitation minima do not contain resonance 
lines of interest. For the spectrum of Fig. 3 excitation maxima 
were set at 1460 Hz and 4380 Hz from the water line, cor- 
responding to 7.7 ppm and 13.5 ppm relative to sodium 2,2- 
dimethyl-2-silapentane-5-sulphonate. The excitation was 
minimal at the water frequency of 4.8 ppm, and at 10.6 ppm. 
With this pattern, excitation for the imino protons over 12.0- 
15.0 ppm and for adenine 2H and amino protons over 6.2- 
9.2 ppm could be achieved simultaneously. The spectral re- 
gion shown contains cross peaks between different imino pro- 
tons, between imino protons and amino protons, and between 
imino protons and nonlabiie adenine 2H. There are no ex- 
change peaks between the imino protons and H20,  i.e. the 
spectral region near w1 = 4.8 ppm is devoid of resonance 
intensity. 

Sequential assignments of labile protons in a 23-bp DNA 

The 23-bp DNA studied (Fig. 1) represents a part of the 
operator binding region of bacteriophage J., containing as 
the central core the 17-bp OR3 repressor binding site. The 
information used for obtaining the sequence-specific H- 
NMR assignments listed in Table I is contained in Figs 1, 4 
and 5 ,  which show, respectively, the nucleotide sequences in 
the 23-bp DNA, the NOE connectivities between different 
imino protons, between imino protons and amino protons, 
and between imino protons and nonlabile adenine 2H, and 
the intensity distribution for the imino proton lines in the 
I D  NMR spectrum. In addition, the amino-proton ~ amino- 
proton cross peaks in the region (wl = 6.1 - 6.9 ppm, w2 = 
7.8-8.6 ppm) of the NOESY spectrum of Fig. 3 (not shown) 
were analyzed for the assignment of the amino protons of 
cytosine. 

Following previous work with different DNA fragments 
(e.g. [30 - 33]), the sequential resonance assignments of the 
exchangeable protons and the adenine C2 protons relied on 
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Fig. 2. 360-MHz ' H-NOESY spectra ofbasic pancreatic trypsin inhibitor in H 2 0  solution, recorded at 310 K with Q mixing time of I50 ms. (A) 
The last pulse of the NOESY pulse sequence (1) was replaced by a jump-and-return pulse sequence (2). (B) All three 90" pulses were replaced 
by jump-and-return pulse sequences. In both experiments the carrier was set on the water resonance, and quadrature detection was used. The 
delay z in each jump-and-return pulse sequence (2) was 200 ps, which corresponds to having a first excitation maximum about 3.5 ppm away 
from the water signal. In (A) a baseline correction along w2 using a fourth-order polynominal was applied to remove a large dispersive wing 
at the w1 frequency of the water resonance 

NOE observation of short distances between hydrogen atoms 
within the same base pair, or in adjacent stacked base pairs. 
The inter-base pair distances between imino protons are of 
the order of 0.35 nm in B-DNA, and those between imino 
protons and adenine 2H are about 0.4nm [28]. The cor- 
responding NOEs are weak compared to the intra-base-pair 
NOEs, which correspond to distances of the order of 0.25 nm 
between imino proton and cytosine 4H, or between imino 
proton and adenine 2H. An important aspect of the whole 
assignment procedure is to identify distinct locations in the 
sequence of base pairs by matching the segments obtained 
with the sequential assignments against corresponding regions 
in the chemical structure (Fig. 1). Thereby it must be 
considered that the direction of the sequential assignments 
can only be determined by comparison with the chemically 
determined sequence. 

The A . T base pair 8 is unique among all A . T base pairs 
in Fig. 1, since both its neighbors are G . C base pairs, and 
the neighbouring G . C base pairs at position 7 is again framed 
by two A .  T base pairs. From the analysis of the imino- 
proton - imino-proton NOEs this unique base pair was 
readily identified (Fig. 4). Starting from the imino proton 
resonance of base pair 8, four imino proton resonances were 
sequentially connected, presenting a segment of four base 
pairs which were found to match positions 6-9 in the se- 
quence of the 23-bp DNA (Fig. 1). These assignments were 
confirmed and extended to the fifth base pair by the imino- 
proton- adenine-2H NOEs (Fig. 4). Starting from a second, 
arbitrarily chosen, imino proton line of an A . T base pair, 
analysis of imino-proton - imino-proton and imino-proton - 
adenine-2H NOEs resulted in the identification of a segment 
of two G . C base pairs followed by three A . T base pairs, 

which coincided only with the positions 16-20 in the se- 
quence of the 23 base pairs. A third train of sequentially 
neighbouring imino protons was found to represent a base- 
pair segment (G . C)2(A . T)2G . C, which could at this stage 
only be attributed to the base pairs in positions 11 - 15 
(Fig. 1). Overall, the sequence-specific assignments at this 
point accounted for 15 imino protons. Integration of the 1 D 
imino proton spectrum at 310 K showed that there was one 
additional resonance each of an A .  T and a G . C imino 
proton (Fig. 5). These two lines were therefore attributed to 
positions 4 and 10, respectively, assuming that the three A . T 
base pairs at both ends of the duplex were not observed 
because of fraying [28, 341. This was subsequently confirmed 
by the observation of two additional imino proton lines in a 
1D NMR spectrum recorded in H 2 0  at 293 K. A NOESY 
experiment recorded with the same conditions showed that 
these additional lines gave rise to NOEs with the imino pro- 
tons of base pairs 4 and 20, respectively. Furthermore, the 
sequence-specific assignments of adenine C2 protons in the 
23-bp DNA (Fig. 1) were confirmed by observation of NOEs 
between adenine C2 protons in NOESY spectra recorded in 
'H20 (unpublishd results). 

Table 1 lists the chemical shifts of all the protons assigned 
by the NOESY experiment with three jump-and-return 
sequences. The hydrogen-bonded amino protons of cytosine 
were identified from the intra-base-pair NOEs with the imino 
protons (Fig. 4). The other amino protons of cytosine could 
not be unambiguously assigned from Fig. 4 because of the 
overlap with the amino protons of G, but their assignments 
resulted from the analysis of the direct amino-proton - amino- 
proton NOESY cross peaks (not shown). 
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Fig. 3. Spectral region (w2 = 12.0-14.3ppm, w1 = 3.9-14.3ppm) 
ofa500-MHz 'H-NOESYspectrum of the 23-bp DNA in H20recorded 
at 310 K using three jump-and-return pulse sequences in place of the 90" 
pulses. The carrier frequency was set on the water resonance. The 
mixing time z, was 120ms. The delay z in each jump-and-return 
sequence was 171 ps. 704 scans were accumulated per free induction 
decay, with a maximum t l  value of 13.4 ms and t2 max (maximum 
recorded length of a single transient) equal to 29.4 ms. The total 
experimental time was about 60 h. The time domain data were 
multiplied with sine bell windows shifted by 4 5  and 4 3  in tz  and t l ,  
respectively. In order to eliminate dispersive wings from the water line 
the base line was corrected before Fourier transformation along ol, 
using a first-order polynomial 

DISCUSSION 
This paper introduces the use of a modified NOESY exper- 

iment, where all three 90" pulses are replaced by jump-and- 
return sequences, for solvent suppression in experiments with 
H20 solutions of proteins and nucleic acids. Compared to 
previously proposed solvent suppression techniques with 
semiselective excitation, this procedure is superior since the 
jump-and-return sequence does not cause linear phase shifts. 
While for most experiments with proteins, solvent saturation 
[l ,  281 is probably the preferred technique, pulse schemes 
without water irradiation may be useful for the investigation 
of rapidly exchanging amide protons, for example at high pH, 
at high temperature, or in partially unfolded proteins. The 
presently proposed experiment will, however, be expected to 

Table 1. Chemical shijts of imino protons, amino protons and adenine 
2H in the 23-bp DNA of Fig. 1 
Shifts were measured in H 2 0  solution, T = 310 K,  0.1 M NaCl, 
0.05 M phosphate buffer, pH 7.0. They are indirectly referenced to 
sodium 2,2-dimethyl-2-silapentane-5-sulphonate using the H 2 0  reso- 
nance previously calibrated in stock buffer solution 

Base pair Gua Thy Ade Cyt4H 
1H 3H 2H 

H-bonded non- 
H-bonded 

1. A . T  
2. T . A  
3. C . G 12.51a 
4. T . A  13.47 7.21 
5.  A . T  13.21 7.30 

6. T . A  13.33 7.62 
7. C .  G 12.33 8.30 6.61 

8. A . T  13.41 7.60 
9. C . G 12.68 7.96 6.35 

10. C .  G 12.89 8.36 6.57 
11. G .  C 12.79 8.21 6.23 
12. C .  G 12.56 8.27 6.23 
13. A . T  13.71 7.17 
14. A ' T  13.91 1.43 

8.27 ] 6.17, 6.83b 
15. G .  C 12.72 
16. G .  C 12.76 8.27 
17. G .  C 12.52 8.18 6.58 
18. A . T  13.44 1.12 

19. T . A  13.10 7.32 
20. A . T  13.40 6.82 
21. A . T  13-93" 
22. A .  T 
23. T .  A 

a Observed only at 293 K, where this chemical shift was mea- 

The non-H-bonded 4H lines of C15 and C16 were not individu- 
sured. 

ally assigned. 

be most useful for nucleic acids. This is illustrated with the 
relatively large (15 kDa) 23-bp DNA of Fig. 1, for which 
sequence-specific assignments were obtained for the imino 
protons, adenine 2H, and the amino protons of cytosine 
(Table 1). 

The NMR spectrum of the isolated 17-base-pair OR3 bind- 
ing site contained in the 23-bp DNA of Fig. 1 was previously 
studied and the resonances sequentially assigned, both in H 2 0  
[35,36] and D 2 0  [37,38] solutions. For the labile protons these 
earlier assignments at ambient temperatures are necessarily 
incomplete because of fraying at the chain ends [34]. However, 
for the central 13 base pairs the results can be compared 
with those listed in Table 1. This comparison supports the 
suggestion that the sequence-specific assignments in this and 
the earlier studies are in full agreement. With the present 
experiments the sequence-specific assignments for all imino 
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Fig. 4. Expanded plots of two regions from the spectrum in Fig. 3 ,  
with identification of NOES between different imino protons ( A ) ,  and 
between imino protons and adenine 2H or amino protons ( B ) .  The 
arrows on the right-hand side of the figure outline the chemical shift 
ranges for the proton types considered here. Individual imino proton 
chemical shifts are indicated at the bottom of the figure by the 
numbers of the base pairs to which they belong (Fig. 1). Similarly, 
individual assignments for adenine 2H and for the hydrogen-bonded 
amino protons of cytosine are given on the right 

14 13 G(ppm) 

Fig. 5. Iminoprotonregion 12.0-14.1 p p m o f a I D  'H-NMRspectrum 
at 310 K of the same solution of the 23-bp DNA as in Fig. 3. The stick 
diagram below the spectrum indicates the positions of 17 one-proton 
lines 

and most amino protons of the entire OR3 binding site are 
now available. 

Comparison of the NMR data for the 23-bp DNA with 
those of the 17-bp 0,3 enables an investigation of chain 

A&~(lFrner - 23-mer)/ppm 

0 2 E =  0 1 5 10 15 - 20 

23-mer I 

oR3' I 

Fig. 6. Plot of the differences between corresponding imino proton 
chemicalshifts in the 23-bp DNA and the 17-bp DNA versus the sequence 
of basepazrs (Fig. I ) .  The data for this analysis are from the following 
sources: 23-bp DNA, present measurements a t  293 K of the same 
solution as in Fig. 3; 17-bp DNA, measurements at 293 K [34] in a 
solution with0.2 M KCI, 1 mM EDTA, 10% D 2 0 ,  10 mM Tris buffer, 
pH = 7.4, at a DNA concentration of 0.7mM in duplex. At the 
bottom, the figure contains a schematic drawing showing the location 
of the 17-bp OR3-binding site (17-mer) relative to the 23-bp DNA 
(23-mer) 

duplex. It is of interest that this study can be done with 
relatively long chains amounting to approximately two 
double-helical turns, since earlier investigations mainly relied 
on short duplexes (e.g. [39]). Fig. 6 shows a plot of the imino 
proton chemical shift differences versus the polynucleotide 
sequence. For the eight central base pairs the spread of the 
differences between the 23-bp and 17-bp DNAs is within 
0.05 ppm. Considering that the experiments were done at 
different times and with somewhat different solvent 
conditions, this variation lies within the accuracy of the mea- 
surements. For the imino proton lines corresponding to the 
peripheral base pairs in the 17-bp DNA significantly larger 
differences were observed (whereby the imino proton reso- 
nances of the two terminal base pairs of this DNA could 
not be detected at 293 K due to fraying). We thus have an 
indication that at this temperature chain-termination effects 
on the chemical shifts of the labile proton resonances of a 
DNA double helix affect the protons of the four or five periph- 
eral base pairs, which agrees rather well with earlier observa- 
tions using different techniques [39]. This indicates that con- 
siderable care should be exercised when using results from 
solution studies with DNA duplexes shorter than about 10 
base pairs for extrapolations to the behaviour of long DNA 
strands, e.g. with regard to studies of sequence effects on local 
conforma tion. 
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