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ABSTRACT: Nonexchangeable proton resonances in the 500-MHz N M R  spectrum of d-CTCGAGCTCGAG 
have been assigned by using two-dimensional correlated spectroscopy (COSY) and nuclear Overhauser 
enhancement spectroscopy (NOESY).  'H-lH coupling constants (J) in the deoxyribose rings have been 
measured by analyzing intensity and multiplet patterns in the phase-sensitive ol-scaled COSY spectra. A 
modification of the J-resolved technique, called amplitude-modulated J-resolved spectroscopy, has been 
described and used to increase the accuracy of J measurements. Absorption mode wl-scaled NOESY spectra 
a t  mixing times in the range 50-200 ms have been analyzed to monitor spin diffusion. A 50-ms spectrum 
has been used to estimate several interproton distances. The coupling constant and distance data have been 
used to arrive a t  sequence-specific sugar geometries and glycosidic torsion angles. The backbone structure 
has been refined by model building using the FRODO program, employing the sugar geometries and glycosidic 
torsion angles discussed above. The molecule shows interesting sequence-dependent variations in the structure. 
The  cleavage site of the restriction enzyme XhoI exhibits unique differences in the sugar geometry and 
backbone torsion angles. 

W ith recent advances in methods for synthesis of DNA 
segments and the physical tools for structure determination, 
the understanding of DNA structure has undergone radical 
changes. It is no longer believed that DNA is a regular 
double-helical structure. New evidence suggests that DNA 
exhibits wide structural diversity depending upon the base 

sequence and experimental conditions. It is envisaged that the 
information content in DNA with respect to its function may 
be coded and modulated not only by the base sequence but 
also by the associated structural diversities. 

Recent 2D NMR studies have focused on DNA segments 
recognized by proteins in a highly specific manner (Ravikumar 

0006-2960/89/0428-7275$01.50/0 0 1989 American Chemical Society 



7276 Biochemistry, Vol. 28, No. 18, 1989 

Xho , I , I x;l ;;d 1 1  

5 ' d - C ' T C  G A G C T C G A G 3  

3 G A G C T C G A G C T I C ~  
12 IO 1 8 '  6 4 2 

DNase1 X h o I  xnd I 

FIGURE 1 : Preferential cleavage sites for the enzymes XhoI and DNase 
I in the dodecanucleotide d-CTCGAGCTCGAG. 

et al., 1985; Nilges et al., 1987; Sheth et al., 1987a; Chary 
et al., 1987, 1988; Hosur et al., 1985a, 1986a,b; 1988a,b; R.  
V. Hosur, K. V. R. Chary, A. Saran, G. Govil, and H. T. 
Miles, unpublished results). We have investigated solution 
structures of I ,  d-GGATCCGGATCC (Hosur et al., 1985a; 
Ravikumar et al., 1985), 11, d-GAATTCGAATTC (Chary 
et al., 1987; Hosur et al., 1986a), 111, d-GA- 
ATTCCCGAATTC (Hosur et al., 1986b), and IV, d- 
GGTACGCGTACC (Chary et al., 1988). These sequences 
are more than 10 units long, and in each case, it is observed 
that the molecule adopts an overall structure belonging ap- 
proximately to the B-DNA family. The sugar geometries show 
wide variations ranging from C2'-endo to 04'-endo in contrast 
to the C2'-endo geometry implicated in regular B structure. 
This is in contrast to a regular structure observed in d- 
CGCGCGCGCGCG (Sheth et al., 1987b) under low-salt 
conditions. In addition, important structural variations at the 
cleavage sites of restriction enzymes BamH1 (molecule I) and 
EcoRI (molecules I1 and 111) have been observed. On the 
other hand, the cleavage sites of RsaI and FnudII (molecule 
IV) do not show such variations. It is interesting to note that 
the latter two enzymes recognize 4-unit-long sequences while 
the former two endonucleases recognize 6-unit-long sequences 
of DNA, It is important to study a large number of such 
recognition sequences and subsequently their interactions with 
proteins so that general conclusions about the mechanism of 
recognition and cleavage by such enzymes can be derived. 

In this paper we report the solution structure of d- 
CTCGAGCTCGAG (Figure 1) (V), which is recognized by 
the restriction enzyme XhoI, using 2D NMR methods. A 
preliminary paper on this molecule describing the assignments 
and qualitative structural features (Sheth et al., 1987a) has 
been published earlier. 

MATERIALS AND METHODS 
d-CTCGAGCTCGAG was prepared by a 

manual solid-phase (aminomethylpolystyrene with 1% di- 
vinylbenzene) phosphotriester method as described by Tan et 
al. (1982). The 3'-linked dG resin was prepared and coupled 
to the dA monomer. The protected dimers dCG, dCT, dAG, 
dCG, and dCT were coupled in turn to the 5' end of the 
growing chain. After detritylation, cleavage from the resin, 
and deblocking, the oligomer was purified on DEAE-cellulose 
(7 M urea, 0.15-0.4 M NaCl gradient) [cf. Tan et al. (1982)l. 
A center cut of the main peak was homogeneous on gel 
electrophoresis. The sequence was confirmed by the method 
of Maxam and Gilbert (1 980). 

Sample Preparation. For the 'H NMR experiments on 
d-CTCGAGCTCGAG, 6 mg of the sample was dissolved in 
400 ILL of 50 mM sodium phosphate buffer (pH 7.3) and 1 
mM ethylenediaminetetraacetic acid (EDTA). The solution 
was repeatedly lyophilized from *H20 solution. Finally the 
sample was made up to 0.4 mL with 99.9% 2H20 for the NMR 
experiments. 

Nuclear Magnetic Resonance Spectroscopy. All proton 
N M R  spectra were recorded at 25 OC. The melting tem- 
perature of the molecule has been determined to be 60 'C in 
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FIGURE 2: Experimental scheme of amplitude-modulated 2D J-resolved 
spectroscopy. T is a small fixed period for phase switching. The phase 
cycling of pulses is indicated by x ,  y,  etc. The plus sign implies that 
the data are added in the memory. t ,  and t2 are the usual evolution 
and detection periods. 

0.1 M Na+ from UV measurements. The melting curves 
indicate that temperature of our measurements is in the range 
where the molecule is in an ordered conformation. The 
chemical shifts (6) were measured with respect to sodium 
3-(trimethylsilyl) [2,2,3,3-*H]propionate (TSP). 

The spectra were recorded on a Bruker AM 500 FT-NMR 
spectrometer equipped with an ASPECT 3000 computer. 
COSY data were recorded by using a (RD-90--t,-A-90-A-t2), 
pulse sequence, where A is the fixed delay ( 5  ms) used for the 
enhancements of cross peaks (Bax & Freeman, 1981; Anil 
Kumar et al., 1984; Wynants & Van Binst, 1984). The carrier 
was placed at one end of the spectrum. The time domain data 
set consisted of 2048 and 512 data points along the t 2  and t l  
axes, respectively. For each t l  value, 64 transients were 
collected. The data set was zero filled to 1024 along the t l  
axis and was multiplied by unshifted sine square bell and 
unshifted sine bell window functions along the t2 and t l  axes, 
respectively, prior to Fourier transformation. The digital 
resolution along both axes was 7.5 Hz/point. Phase-sensitive 
w,-scaled COSY (Hosur et al., 198% 1988a) spectra have 
been recorded by using the pulse sequence 90-(y + a)t1/2- 
180-(y - a)t1/2-4-t2, where a and y are the shift and J- 
scaling factors, respectively. The scaling factors selected were 
CY = 0.5 and y = 1.3. The flip angle (4) of the mixing pulse 
was a/4.  The time domain data consisted of 2048 t2 and 350 
t l  points, and the number of transients for each t l  value was 
96. The data set was zero filled to 4096 along t 2  and 2048 
along t ,  prior to two-dimensional Fourier transformation. The 
digital resolution along both axes was 1.8 Hz/point. 

w,-scaled absorption mode NOESY (Jeener et al., 1979; 
Anil Kumar et al., 1980; Macura et al., 1980) spectra were 
recorded with scaling factors a = 0.5 and y = 0.6 and with 
mixing times of 50, 70, 130, 170, and 200 ms. The time 
domain data consisted of 2048 t2 and 256 t ,  points. These data 
were zero filled only along t l  to 1024 points and multiplied 
by sine bell functions shifted by a/16 along both axes before 
Fourier transformation. The final digital resolution in these 
spectra was 3.5 Hz/point along both axes. 

An amplitude-modulated J-resolved spectrum of the oli- 
gonucleotide was recorded by using the pulse sequence shown 
in Figure 2. The phase of the 90' pulses is cycled so as to 
retain z magnetization at the end of the second 90' pulse. The 
phase of the 180' pulse was alternated between 0' and 180' 
so as to minimize effects of imperfections in the 180' pulse. 
The z magnetization is converted into observable magnetization 
by a third 90" pulse. In this experiment the t ,  domain has 
only J information, and the observed signal in t2 is amplitude 
modulated by evolution in t , .  Consequently, the peaks have 
pure phases and good line shapes. Tilting of the data in 
frequency domain is not necessary. The method, however, does 
not remove J information along the w 2  axis, and hence the 
resolution along w2 is essentially the same as in the 1D spec- 
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Table I: Chemical Shifts of Nonexchangeable Protons in 
d-CTCGAGCTCGAG (PPm from TSP) 

rm=170msecs w,-Scaled NOESY 

.I 
H2” 

8.0 7.8 7.6 7.4 

FIGURE 3: Portion of the q-scaled absorption mode NOESY spectrum 
of d-CTCGAGCTCGAG, recorded with a mixing time of 170 ms. 
Sequential d3 connectivities via base (H8/H6) and H2” protons are 
indicated by solid lines. The H2” protons are identified on horizontal 
lines, and the base protons are identified near the vertical lines. Two 
dl connectivities involving TCH3 and CH6 are also observed in this 
region and are indicated by dashed lines. 

H8/H6 

trum. The method can be used to obtain pure absorptive line 
shapes as opposed to the phase-twisted line shapes prevalent 
in normal J-resolved spectroscopy. 

RESULTS AND DISCUSSION 

Resonance Assignments. Sequence-specific resonance as- 
signments have been obtained by following well-established 
procedures (Clore & Gronenborn, 1985; 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 Hl’, H2’, H2”, H3’, and H4’ belonging to 
the individual networks of coupled spins. The cytidine and 
thymidine base protons are identified by using J(H5, H6) and 
J(CH3-H6) correlations. In the next step, the intranucleotide 
and internucleotide NOES between the base protons (H6, H8, 
and CH,) and the sugar protons (Hl’, H2’, and H2”) in the 
NOESY spectrum are used to assign the spin networks to 
individual nucleotide units. Four different types of sequential 
correlations have been observed: 

d l  (base)i - (base)iil 

d2 (base)i - (HI’)i-, 

d3 (base)i - (H2’, H2”)i-, 

d4 (base)i - (H3’),, 

As an illustration, Figure 3 shows the d3 connectivities in 
a NOESY spectrum with T,  of 170 ms, involving the H2” 
protons of the (i - 1)th residues and the (H8/H6) protons of 
the ith residues. Two d l  connectivities involving thymine 
methyl protons are also seen in this portion of the spectrum 
and are indicated by dashed lines. The figure also contains 
sequential connectivities via H2’ protons; however, they are 
not drawn for the sake of clarity. 

The sequence-specific assignments thus obtained were 
confirmed from the Hl’-H4’ cross peaks in the NOESY 
spectrum (not shown). Stereospecific assignment of H2’ and 
H2” protons of the individual nucleotide units has been ob- 
tained by monitoring the intensities of (Hl’),-(H2’,H2’’)i cross 
peaks in a a,-scaled NOESY spectrum recorded with T, = 
70 ms (not shown). Hl’-H2” cross peaks are invariably 
stronger than Hl’-H2’ cross peaks as discussed earlier (Chary 
et al., 1987, 1988; Hosur et al., 1986a). The complete reso- 

base 
CI 
T2 
c3 
G4 
A5 
G6 
c7 
T8 
c9 
G10 
A1 1 
G12 

H6/H8 
7.87 
7.62 
7.44 
7.88 
8.06 
7.58 
7.30 
7.43 
7.41 
7.89 
8.10 
7.60 

H1’ H2’ H2” H3’ H4’ H5/H2/CHI 
5.85 2.24 2.59 4.66 4.07 5.92 
6.15 2.23 2.55 4.89 4.24 1.66 
5.55 2.02 2.34 4.85 4.07 5.62 
5.38 2.65 2.72 4.97 4.28 
6.05 2.64 2.91 5.09 4.40 7.66 
6.65 2.47 2.59 4.93 4.32 
5.81 2.00 2.46 4.63 4.17 5.14 
6.05 2.15 2.50 4.85 4.18 1.52 
5.49 1.97 2.31 4.83 4.05 5.64 
5.39 2.65 2.72 4.97 4.28 
6.10 2.64 2.91 5.02 4.40 7.80 
5.96 2.38 2.25 4.60 4.14 

04’-endo C2’-endo 
I@ @ D o l  @@-I 

10 0 T I @  c T I  

H I ‘  H 1’ 
FIGURE 4: Calculated multiplet patterns of Hl’-H2’ cross peak in 
COSY and COSY 45 spectra for the sugar geometries 04’-endo and 
C2’-endo. The peak separations useful for estimation of coupling 
constants J( H 1 ’-H2’), J( H 1 ’-H2”), J( H2’-”’’), and J( H2’-H3’) 
are indicated in COSY 45; solid and open circles indicate positive 
and negative peaks, respectively. For C3’-endo geometry, the active 
coupling J(Hl’-H2’) = 0 Hz, and hence this cross peak will not be 
observed. 

nance assignments are listed in Table I. 
30 Structure of (I-CTCGAGCTCGAG. Interstrand NOES 

such as A5H2 - C9H5, A5H2 - T8H1’, A5H2 - C9H1’, 
and A1 1H2 - C3H1’ emerging from the halves of the oli- 
gonucleotide have been observed. These confirm that the 
molecule is in a double-stranded form. The directionality of 
the NOES and the sequential NOES in Figure 3 indicate that 
the molecule adopts a right-handed conformation. A more 
precise description of the structure has been obtained from 
the proton-proton coupling constants (J) in the deoxyribose 
rings and the proton-proton distances ( r )  in the molecule. 

‘H-lH Coupling Constants (J). Phase-sensitive ol-scaled 
COSY spectra have proved very useful for obtaining J values 
(Hosur et al., 1988b, and references cited therein). Recently 
a version of PE COSY (Mueller, 1987) has also been used to 
estimate J values in oligonucleotides (Bax & Lerner, 1988). 
An invaluable feature of such techniques is the presence of 
positive and negative extrema corresponding to the “active” 
coupling constant which aids the unambiguous assignment of 
J values. The use of different flip angles can further help in 
resolution enhancement. The general appearance of such 
spectra depends on the relative magnitudes of the couplings 
involved, which in turn depend on the sugar puckers. Figures 
4 and 5 show the calculated patterns of Hl’-H2’ and Hl’-H2’’ 
cross peaks (in the upper triangle of the spectrum) for different 
sugar geometries with two different flip angles, 7r12 and ~ 1 4 ,  
of the mixing pulse. In the Hl’-H2” cross peak, the a, axis 
contains the multiplicity of the H2” proton, while the a2 axis 
contains the multiplicity of the H1’ proton. In the case of 
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FIGURE 5: Calculated multiplet patterns in Hl’-”’’ cross peak in 
COSY and COSY 45 spectra for three different sugar geometries, 
namely, C3’-endo, C2’-endo, and 04’-endo. Here again, the peak 
separations useful for estimation of coupling constants are indicated. 
Solid and open circles indicate positive and negative peaks, respectively. 

C2’-endo geometry, all the multiplet components in the cross 
peak are well resolved (Widmer & Wiithrich, 1987; Hosur 
et al., 1988a,b; Chary et al., 1988) and measurement of J- 
(Hl’-H2’), J(Hl’-H2’’), and J(H2’-H2’’) from the experi- 
mental spectra is straightforward. For 04’-endo geometry, 
a small but nonzero value of J(H2”-H3’) is buried in the 
widths of the component peaks along the a1 axis [see, for 
example, Figure 6, Chary et al. (1988)l. The a,-scaled COSY 
spectrum with 4 = a / 4  has a particular advantage in the 
measurement of J values. In this spectrum, the number of 
components is reduced to about half the number in the 
spectrum with 4 = a /2 .  The spectrum enables direct mea- 
surement of J(Hl’-H2’) and J(Hl’-H2”) along the H1’ axis 
of the cross peak even when these coupling constants are 
similar in magnitude. Such an evaluation is not possible with 
4 = a / 2  since, here, the overlap between the positive and 
negative central components of the cross peaks results in 
cancellation of their intensities. Thus, better estimates of the 
two coupling constants J(Hl’-H2’) and J(Hl”H2”) can be 
obtained from the COSY spectrum with 4 = a /4 .  

Accurate determination of J(H2”-H3’) from the Hl’-H2’’ 
cross peak and of J(H2’-H3’) from the Hl’-H2’ cross peak 
is often difficult due to insufficient resolution of the compo- 
nents in the respective cross peaks. However, qualitative es- 
timates of these coupling constants can be obtained by mon- 
itoring the relative intensities of all the cross peaks in a low- 
resolution COSY spectrum. Considering the digital resolution 
in our low-resolution COSY spectra, we feel that the absence 
of a particular cross peak indicates that the relevant active 
coupling constant is less than 3 Hz. In most DNA segments 
we have studied, H2”-H3’ cross peaks are found to be absent 
in the COSY spectrum. Estimates of J(H3’-H4’) can also 
be similarly obtained by comparing the intensities of the cross 
peaks in the low-resolution COSY spectrum. Recently a 
special J-scaling technique has been used to estimate the J-  
(H3’-H4’) coupling constants (Bax & Lerner, 1988). 

Variations in intensities of cross peaks in a COSY spectrum 
can occur either due to variations in the coupling constants 
or due to large variations in line widths for particular protons. 
Several studies have indicated that there can be significant 
variations in the values of the coupling constants in a given 
molecule. But large variations in line widths are generally not 
expected, since they would amount to significantly different 
motions in different parts of the duplex molecules. Therefore, 
it is logical to interpret intensity variations in COSY in terms 
of variations of J values rather than of line widths. 

d - CTCGAGCTCGAG 1.8 

0 .  

0 

0 0  
G6 

H c3 c9 

42.2 
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H 2” 
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H I ’  

FIGURE 7: Blowups of Hl’-H2’’ cross peaks of c1,  c7,  c3,  and c9 
nucleotide units. The + - separations and the patterns of cross peaks 
in C1 and C7 are distinctly different from those of C3 and C9, pointing 
to unique sugar geometry differences. 

B 

I” 

0 w’ 
(Hz) 

- 10 

6,2 6.0 5.0 5% 5.4 
w2 ( P P T i  

H1 
FIGURE 8: H 1‘ region of amplitude-modulated J-resolved spectrum 
of d-CTCGAGCTCGAG. The H1’ chemical shifts are identified at 
the top of the figure. A total of 32 t ,  increments were collected with 
2048 t2 points for each t l  value. Final digital resolution after zero 
filling and Fourier transformation was 0.4 Hz/point along the w1 axis 
and 3.6 Hz/point along the w2 axis. Unlabeled peaks are H5 doublets 
of cytosines. 

-L 4 4  4.2 30 2 6  2 2  

H 4 ’  HZ’ ,  H 2 ”  

FIGURE 9: Portion of the absolute value COSY spectrum of d- 
CTCGAGCTCGAG showing H2’-H3’, H2”-H3’,and H3’-H4’cross 
peaks. In the right panel, the open circles indicate the expected 
positions of H2”-H3’ cross peaks that are not observed. 
peaks will not be seen if J is less than 3 Hz. The estimated 
coupling constants and intensity distributions are listed in Table 
11. 

Table 11: Measured Coupling Constants ( J ,  Hz), H2’-H3’ and 
H3’-H4’ Cross-Peak Intensities, and Sugar Geometries in 
d-CTCGAGCTCGAG 

H1’- H1’- H2”- H2’- H3’- inferredb P 
H2’ H2” H3’ H3” H4” value (deg) 

C1 5.1 1.9 3-5 S S 80 
T2 9.0 5.8 <3 M W 144 
C3 8.8 6.0 <3 S M 126 
G4 9.5 5.8 <3 W A 162 
A5 9.0 5.8 <3 A W 144 
G6 <3 w w  90-210 
C l  5.6 1.9 <3 S S 90 
T8 9.0 5.8 <3 M W 144 
C9 8.8 6.0 <3 S M 126 
G10 9.5 5.8 <3 W A 162 
A l l  9.0 5.8 <3 A W 144 
G12 1.2 1.2 <3 S s 100 

should be taken to correspond to the center of a narrow domain. 
“S = strong; W = weak; M = medium, A = absent. bThe values 

Conformation of Deoxyribose Rings. The coupling constant 
and intensity data (Table 11) indicate that there is a wide 
variation in sugar geometries along the sequence of the 
molecule [for strategies see Hosur (1986), Hosur et al. 
(1986a,b, 1988a,b), and Chary et al. (1988)l. In the units 
C1 and C7, J(HI”H2”) is larger than J(Hl’-H2’); strong 
H3’-H4’ cross peaks are seen in the low-resolution COSY 
spectrum. For C1, the H2”-H3’ cross peak is seen, but this 
is absent for C7. These observations indicate that for the C7 
unit the pseudorotation angle P is restricted to a narrow do- 
main (around 90°), and C1 exhibits conformational mixture 
with the major conformer having P around 90’. 

In the nucleotide units C 3  and C9, J(Hl’-H2’) is larger 
than J(Hl’-H2”), and the H3’-H4’ cross peaks are of medium 
intensity. H2”-H3’ cross peaks are absent in the COSY 
spectrum. Therefore, the sugar rings in these two units can 
be fixed around P = 126’. Similarly, in the case of T2, T8, 
A5, and A I  1 units, J(HI’-H2’) is larger than J(Hl’-H2”), 
but H3’-H4’ cross peaks in COSY are weak. Also no 
H2”-H3’ cross peaks are seen, indicating that the sugar pucker 
for these four units is around P = 144’. In the case of A5 
and A1 1 ,  the H2’-H3’ cross peaks also are not observed. This 
is unusual since J(H2’-H3’) is fairly large in the entire range 
of P (6-10 Hz), and generally this cross peak is not expected 
to be absent in the COSY spectra. Therefore, absence of these 
cross peaks for A5 and A1 1 must be attributed to unusually 
large line widths of H2’ protons in these two units. 

Nucleotides G4 and G10 are a t  the centers of the halves 
of the molecule. For these two units, the chemical shifts of 
all the protons are nearly identical, which suggests that the 
sugar geometries are also similar. The COSY spectrum does 
not show separate Hl’-H2’ and Hl’-H2” cross peaks. The 
J-resolved spectrum provides two coupling constant values (9.5, 
5.8), but does not provide unique identification of J ( H  1’-H2’) 
and J(Hl’-H2’’). This poses a problem in the determination 
of the sugar geometries. However, the absence of an H3’-H4’ 
cross peak in the low-resolution COSY spectrum helps to 
restrict the sugar geometries to the domain P = 14Oo-28O0 
(Hosur et al., 1986a). Considering that the two coupling 
constants J(HI’-H2’) and J(Hl’-H2’’) are widely different, 
one can further restrict the geometries to two narrower do- 
mains centered around P = 162” and P = 216’. From en- 
ergetics and previous data, one may be inclined to assign the 
geometry to P around 162’, which is in the standard B-DNA 
region. 

Units G6 and G I 2  deviate from the symmetrical behavior 
observed for other nucleotides. In G12, H2’ and H2” are 
nonequivalent; they are equivalent in G6. Also in G12, the 



7280 Biochemistry, Vol. 28, No. 18, 1989 Sheth et al. 

H2 ’  

P 

I - P  H6  

c 9  
TZ H 6  

c 3 @  P C 7  20 

Dl  

2 4  

2 8  

L- 
8 0  7 8  7 6  7 4  

uJ2 

FIGURE 10: H6/H8-(H2’,H2/’) region of a 500-MHz wl-scaled 
absorption mode NOESY spectrum recorded with a mixing time of 
50 ms. All the self cross peaks to H2’ protons are labeled by specific 
nucleotide labels. Two peaks enclosed in square boxes are H8/H6- 
H2” self cross peaks. The intensities of the peaks are monitored to 
get estimates of H8/H6-H2’ distances. 
H2” proton appears upfield of the H2’ proton, while the op- 
posite is true in other units. Thus, the sugar geometries for 
G6 and G12 are not identical. This is also evident from the 
observation of a strong H3’-H4’ cross peak for G12, while G6 
produces only a weak peak. Further, the fact that in G12 the 
coupling constants J(Hl’-H2’) and J(Hl’-H2”) are equal 
suggests that the geometry for this nucleotide unit is around 
P = 100’ (04’-endo). For G6, the sugar geometry can be only 
qualitatively fixed in the S domain. 

The sequence-specific sugar geometries discussed above are 
also listed in Table 11. 

A common practice in dealing with small and single- 
stranded segments (Govil & Hosur, 1982; Rinkel & Altona, 
1987) has been to interpret the observed coupling constants 
in terms of mixtures of C3’-endo and C2’-endo sugar geom- 
etries used in models of A- and B-DNA or the related N and 
S families of conformations. In long double-helical oligo- 
nucleotides, rapid interconversion between widely different 
sugar geometries may be difficult due to higher energy bar- 
riers, and dynamism in sugar puckers is expected to be re- 
stricted to a narrow range of P values. Comparison of the 
experimental data in Table I1 with calculated values for an 
N-S mixture (Hosur et al., 1988b; Widmer & Wiithrich, 
1987) suggests that in the present oligonucleotide, indeed, the 
dynamism is restricted to a narrow domain around the P value 
given for each nucleotide unit. In the case of terminal nu- 
cleotides, the experimental data are indicative of a more re- 
laxed conformation. 

Glycosidic Torsion Angles (x). The relative intensities of 
intranucleotide H8/H6-H1’ and H8/H“H2’,H2’’ cross peaks 
in the NOESY spectrum, recorded with short mixing time (70 
ms), indicate that the torsion angle x is in the anti domain 
for all the nucleotide units. A more precise definition of x 
has been obtained from the knowledge of interproton distances 
between the base protons and the sugar ring protons obtained 
from the NOESY spectrum recorded with a mixing time of 
50 ms (Figure 10) (Wuthrich, 1986; Chary et al., 1988; Hosur 
et al., 1988,). Except for T8, T2, and possibly G12, no cross 
peak is seen from H8/H6 to H2” proton, while all the H8/ 
H6-H2’ cross peaks are observed. This spectral region also 
contains cross peaks from thymine methyl protons to their own 
H6. The intensity of this peak provides a marker for inter- 
proton distances, since this distance is around 3 A. From a 
quantitative comparison of these intensities, we conclude that 

Table 111: Sequence-Specifi~~ Values (deg) of Torsion Angles in the 
Central Portion of the Molecule Obtained from the Model in Figure 
1 1  

X ff B Y 6 6  t 
A5 -120 -5 -180 53  142 -171 -107 
G6 -121 -62 173 59 141 -157 -114 
C l  -145 -54 153 51 104 120 -126 
T8 -100 -137 -108 76 142 173 -50 

A17 -122 -65 170 59 142 -161 -113 
G18 -120 -50 168 44 143 -157 -130 
C19 -152 -45 144 59 98 150 -135 
T20 -101 -117 - 1 1 1  60 143 164 -53 

B-DNA -102 -41 136 38 139 -133 -157 
“The sequence is 

1 12 
C-T-C-GA-GC-T-C-GA-G 

GA-GC-T-C-GA-GC-T-C 
24 13 

the H8/H6-H2’ distances are in the range 2.5-3.0 8, in all 
nucleotides except C7. In C7, the H6-H2’ cross peak is ex- 
tremely weak, suggesting that this distance is larger than 3.5 
A. Noting that the H8/H6-H2’ distance varies only mildly 
with sugar pucker in the anti domain of x (Wiithrich, 1986), 
the above distance of 2.5-3.0 8, indicates that the x value is 
in the range -130’ f 30’. The values are close to -100’ for 
T2 and T8 as evidenced by the observation of H6-H2” cross 
peaks in these two cases. For C7, the distance of 3.5 8, sug- 
gests that x is around -160’. 

Structure of Xhol Cleavage Site. The molecule has two 
cleavage sites for the restriction enzymeXho1 (Figure 1). The 
enzyme recognizes the hexanucleotide stretch d-CTCGAG and 
cleaves the molecule between C and T. It is interesting to note 
from the results (Table 11) that the cleavage sites exhibit a 
very significant variation in sugar geometry: P around 90’ 
for C1 and C7 and around 144’ for T2 and T8. Since the 
sugar geometry plays a crucial role in determining the overall 
structure of DNA, the observed variations in sugar geometries 
at the cleavage sites are expected to bring about substantial 
variation in the backbone structure of the molecule. We note 
that the NMR data also indicate substantial variations in the 
x angles at these points. Besides, the H2’ resonances are 
broader in A5 and A1 1 units, which are near the cleavage sites. 
At the same time, the AT base pairing is preserved. 

To visualize the effects of perturbations due to sugar pucker 
and glycosidic torsion angle variations in the middle segment 
of d-CTCGAGCTCGAG, we have built a double-helical 
model of the molecule using the FRODO program commonly 
used by X-ray crystallographers (Jones, 1978). This program 
uses the restrained regulation procedure of Hermans and 
McQueen (1974) for the refinement of molecular structures. 
The model-building procedure consisted of generating the 
DNA molecule of the required sequence and regularizing the 
model by several cycles of least-squares refinement using re- 
straint information. Thus, structure can be built to satisfy 
experimental and stereochemical constraints. The starting 
point consisted of a standard B-DNA geometry (Arnott, 1980). 
However, the sugar conformation of C7 was changed to the 
one observed by NMR, namely, P = 90’. All the glycosidic 
torsion angles were also initialized to the values obtained from 
NMR data. The structure was then allowed to refine for 30 
cycles under the constraint that all base pairs remain intact. 
The molecule converged to a structure that had no bad in- 
teratomic distances and showed overall similarity with B-DNA 
(Figure 11). Table I11 lists the backbone torsion angles in 
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nology and located at  TIFR, Bombay, are gratefully ac- 
knowledged. 

Registry No. d-CTCGAGCTCGAG, 1 10879-74-8; restriction 
endonuclease XhoI, 81295-43-4. 

FIGURE 11: Stereopair of the structure of d-CTCGAGCTCGAG. 
A double helix of the molecule was first built with standard B-DNA 
geometry and then with the following constraints in FRODO dictionary: 
(i) base pairs intact; (ii) sequence-specific x angles as observed by 
NMR; (iii) C7 sugar in 04’-endo geometry and the others in C2’-endo 
geometry, the backbone torsion angles were allowed to vary in the 
FRODO refinement, so that a covalently acceptable structure is obtained. 

the central segment of the molecule for the final structure thus 
arrived at. The converged backbone torsion angles in this 
segment show considerable differences from those of the 
starting B-DNA structure. The values of the corresponding 
torsional angles for the two strands are slightly different 
(within 20’), essentially reflecting the accuracy of the re- 
finement. The oligonucleotide has a palindromic sequence, 
and these aspects are preserved (to within 20’) following the 
FRODO refinement. 

Sequence Effects. It is worthwhile to compare the structure 
of the present molecule (V) with that  of d-  
GGTACGCGTACC (IV) (Chary et al., 1988), which has the 
same base composition as the present oligonucleotide but a 
different base sequence. The differences in the base sequences 
in the two molecules are as follows: (i) Molecule IV does not 
have the same base sequence symmetry as V. (ii) V has 
alternating stretches, 3 units long, of pyrimidines and purines, 
while IV has alternating pyrimidine and purines in the central 
8 nucleotide units. The two ends in the latter have purines 
and pyrimidines, respectively. (iii) In IV, two A-T base pairs 
are adjacent and are flanked by two G C  base pairs on either 
side. On the other hand, in V, the A.T base pairs are separated 
by two G C  base pairs regularly all along the sequence. This 
difference would manifest itself in different base stacking and 
tilts owing to the fact that the A.T base pairs exhibit a greater 
propellar twist than G C  base pairs in double-helical DNA 
structure (Drew et al., 1981; Dickerson & Drew, 1981). 

On comparison of the structures of these molecules it is clear 
that the sequence plays a crucial role in determining the 3D 
structure of the molecule. While molecule IV shows a rather 
uniform structure, molecule V exhibits substantial variations 
along the sequence. The sugar geometries and backbone 
torsion angles show significant variations as discussed in 
previous sections. Considering that the two molecules are 
recognized by different restriction enzymes, the observed se- 
quence dependence of the structure suggests that the DNA 
geometry provides important hot points for recognition in 
addition to the direct specific interactions at the base level. 
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NMR Studies of DNA (R+),*(Y-),e(Y+), Triple Helices in Solution: Imino and 
Amino Proton Markers of TeAoT and C.G.C+ Base-Triple Formation? 
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ABSTRACT: High-resolution exchangeable proton two-dimensional N M R  spectra have been recorded on 
1 1-mer D N A  triple helices containing one oligopurine (R), and two oligopyrimidine (Y), strands at  acidic 
p H  and elevated temperatures. Our two-dimensional nuclear Overhauser effect studies have focused on 
an 1 1-mer triplex where the third oligopyrimidine strand is parallel to the oligopurine strand. The observed 
distance connectivities establish that the third oligopyrimidine strand resides in the major groove with the 
triplex stabilized through formation of T.A.T and C-GC' base triples. The T-A-T base triple can be monitored 
by imino protons of the thymidines involved in Watson-Crick (1 3.65-14.25 ppm) and Hoogsteen (12.9-13.55 
ppm) pairing, as well as the amino protons of adenosine (7.4-7.7 ppm). The amino protons of the protonated 
(8.5-10.0 ppm) and unprotonated (6.5-8.3 ppm) cytidines in the C.G.C+ base triple provide distinct markers 
as do the imino protons of the guanosine (12.6-13.3 ppm) and the protonated cytidine (14.5-16.0 ppm). 
The upfield chemical shift of the adenosine H 8  protons (7.1-7.3 ppm) establishes that the oligopurine strand 
adopts an A-helical base stacking conformation in the 1 1-mer triplex. These results demonstrate that 
oligonucleotide triple helices can be readily monitored by N M R  at the individual base-triple level with distinct 
markers differentiating between Watson-Crick and Hoogsteen pairing. Excellent exchangeable proton spectra 
have also been recorded for (R+),.(Y-),.(Y +), 7-mer triple helices with the shorter length permitting spectra 
to be recorded a t  ambient temperature. Our N M R  studies open up the possibility of studying triple helices 
containing errors and lesions, as well as the interaction of ligands with this DNA structural motif in aqueous 
solution. 

E e r e  is currently great interest in the chemistry and biology 
of triple-stranded DNA helices and their potential role in the 
regulation of the eukaryotic genome [reviewed in Wells et al. 
(1988), Htun and Dahlberg (1989) and Broitman and Fresco 
(1989)l. The early characterization of the poly(U.A.U) triple 
helix where the third strand was an oligopyrimidine (Felsenfeld 
et al., 1957) has been complemented by the more recent 
characterization of the poly(A-U.A) triple helix where the third 
strand is an oligopurine (Broitman et al., 1987). Related 
studies established the sequence requirements (Riley et al., 
1966; Morgan & Wells, 1968) and the role of pH (Lee et al., 
1984) for triple-helix formation. 

Much of the recent interest in triple-helix formation in- 
volving (deoxypurine),.(deoxypyrimidine), sequences [desig- 
nated (R),.(Y),] results from the observation of such tracts 
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at recombination hot spots and upstream from eukaryotic genes 
[reviewed in Wells et al. (1988)]. The detection of S1 nuclease 
hypersensitivity in active chicken globin chromatin (Larson 
& Weintraub, 1982) and its fine mapping to (R),.(Y), 
stretches (Nickol & Felsenfield, 1983; Schon et al., 1983) 
focused much attention on the unusual DNA structure at such 
sites. The observed hyperreactivity was explained through 
(R+),.(Y-),-(Y+), triple-helix formation (the signs indicate 
the directionality of the strands) with the remaining single- 
stranded (R-), segment sensitive to single-stranded nucleases 
(Christophe et al., 1985; Lyamichev et al., 1986). Triple-helix 
formation in (R),.(Y), mirror repeats is favored by both su- 
perhelical stress and low pH (Mirkin et al., 1987) and can be 
readily monitored by two-dimensional gel electrophoresis 
(Mirkin et al., 1987; Collier et al., 1988) and chemical probes 
(Hanvey et al., 1988a,b; Voloshin et al., 1988; Htun & 
Dahlberg, 1988; Johnston, 1988). Finally, chemical foot- 
printing studies on (G),.(C), sequences in supercoiled plasmid 
DNA suggest a switch from a (G+),.(C-),.(C+), triple helix 
in the absence of Mg ions to a (G+),.(C-),.(G-), triple helix 
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