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ABSTRACT: The conformation a t  the dA-dT junction in d-(AAAAATTTTT)2 was investigated by using 
a variety of phase-sensitive two-dimensional nuclear magnetic resonance experiments at 500 MHz for detailed 
studies of the deoxyribose ring puckers. Conformational constraints were collected from two-dimensional 
nuclear Overhauser enhancement spectra recorded with short mixing times and from quantitative simulations 
of the cross-peaks in two-dimensional correlated spectra. Overall, the decamer duplex adopts a conformation 
of the B-DNA type, and for dA, and dA5 the pseudorotation phase angle P is in the standard range 150-180O. 
The deoxyribose puckers for the other nucleotides deviate significantly from the standard B-DNA structure. 
Spectrum simulations assuming either static deviations from standard B-DNA or a simple two-state dynamic 
equilibrium between the C2’-endo and C3’-endo forms of the deoxyribose were used to analyze the ex- 
perimental data. It was thus found that the ring pucker for dT6 deviates from the regular CY-endo form 
of B-DNA by a static distortion, with the pseudorotation phase angle P in the range 100-130°, and a similar 
value of P is indicated for dT,. For the peripheral base pairs dynamic distortions of the C2’-endo form 
of the deoxyribose were found. In agreement with recent papers on related duplexes containing (dA), tracts, 
we observed prominent nuclear Overhauser effects between adenine-2H and deoxyribose- l’H, which could 
be largely due to pronounced propeller twisting as observed in the crystal structures of (dA),-containing 
compounds. 

xree-dimensional  structures of synthetic oligodeoxy- 
nucleotide duplexes containing (dA), tracts attract increasing 
interest, which recently motivated a series of investigations 
by NMR’ (Behling et al., 1987; Roy et al., 1987; Kintanar 
et al., 1987; Sarma et al., 1988), single-crystal X-ray dif- 
fraction (Nelson et al., 1987; Coll et al., 1987), and optical 
spectroscopic techniques [e.g., Taillendier et al. (1987), Ed- 
mondson (1987), and Benevides et al. (1988)l. This interest 
is related to various observations that appear to relate (dA), 
tracts with important functional properties of DNA. Thus, 
studies of the electrophoretic mobilities in polyacrylamide gels 
of DNA fragments isolated from the kinetoplast body of 
tropical parasites (Simpson, 1979; Challberg & Englund, 1980; 
Englund et al., 1982; Marini et al., 1982; Levene & Crothers, 
1983; Wu & Crothers, 1984; Hagerman, 1984, 1986; Koo et 
al., 1986) or from the origin of replication of bacteriophage 
X (Zahn & Blattner, 1985) and of synthetic DNA fragments 
containing adenine tracts of different length phased differently 
along the DNA (Koo et al., 1986) indicated that (dA), 
stretches introduce bending of double-helical DNA (Wu & 

Crothers, 1984; Hagerman, 1986; Koo et al., 1986; Koo & 
Crothers, 1987). On the basis of unusual spectroscopic 
properties of poly(dA).poly(dT), it was also suggested that 
certain structural features of this compound might be related 
with the fact that it cannot be used to reconstitute nucleosomes 
(Rhodes & Klug, 1981; Travers & Klug, 1987). Studies of 
(dA),-containing oligonucleotides may also be of interest with 
regard to the structure of poly(dA).poly(dT), which has been 
the subject of some controversy (Arnott et al., 1983; Thomas 
& Peticolas, 1983; Jollh et al., 1985; Behling & Kearns, 1986; 
Katahira et al., 1986; Alexeev et al., 1987a,b; von Kitzing & 
Diekmann, 1987; Taillendier et al., 1987; Patapoff et al., 1988). 

Different explanations were offered for the implicated 
bending of DNA duplexes at or near the (dA), tracts (Tri- 
fonov, 1986). For example, it was suggested that (dA), seg- 
ments retain the B-DNA conformation but undergo unusual 
interactions with the nearest or next-nearest base pairs or that 
there is potential structural polymorphism at the (dA), tracts 
and the junctions with the adjacent DNA segments (Koo et 
al., 1986). Earlier studies with oligonucleotides indicated that 
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maximal bending occurred for correctly phased (dA), tracts 
with n = 5 or 6 and that the bending is at a maximum if (dA), 
is flanked by dT at its 3’ end or by dC at its 5’ end (Koo et 
al., 1986). In the crystal structures of d- 
(CGCAAAAAAGCG)*d-(CGCTTTTTTGCG) and d- 
(CGCAAATTTGCG)2, the runs of AT base pairs have out- 
standingly large propeller twists averaging ca. 20° and van- 
ishingly small base roll angles (Coll et al., 1987; Nelson et al., 
1987), and it was suggested that this intrinsic structural 
property of (dA), tracts might be responsible for DNA 
bending, with maximum bending for n = 5 .  The presence of 
pronounced propeller twist appears to be manifested by the 
observation of NOEs between adenine-2H and deoxyribose- 
1’H in solutions of oligonucleotides containing (dA), segments 
(Kintanar et al., 1987; Roy et al., 1987). 

This paper describes a study of the solution structure of the 
decadeoxynucleotide d-(AAAAATTTTT),, which was initi- 
ated several years ago (Celda et al., 1986). The aforemen- 
tioned NOES between adenine-2H and deoxyribose- 1’H were 
observed also in this compound, indicating the same structure 
type as for the other recently studied related oligonucleotide 
duplexes. Our interest was primarily focused on the structure 
of the backbone at the dA-dT junction. Roy et al. (1987) had 
previously concluded on the basis of partial resonance as- 
signments for the nonlabile protons and NOESY spectra re- 
corded at 400 MHz with mixing times of 100 and 300 ms that 
in the closely related duplex d-(AAAAAATTTTTT), the 
conformation at the junction is “significantly different from 
the rest of the molecule”. The goal of the present study with 
d-(AAAAATTTTT)2 was to obtain more precise information. 
Nearly complete sequence-specific assignments were obtained, 
and the structural constraints obtained from NOESY spectra 
recorded with very short mixing times were complemented by 
data on the spin-spin coupling constants obtained from 
quantitative simulations of COSY spectra. 

MATERIALS AND METHODS 
The  decadeoxynucleoside nonaphosphate d- 

(AAAAATTTTT), was synthesized by a modification of the 
phosphotriester method in liquid phase, starting from the 
commercially available deoxynucleosides (Fluka AG). The 
amino group of dA was benzoylated by the transient protection 
method of Jones and co-workers (Ti et al., 1982). All other 
procedures used have been described in detail elsewhere 
(Chazin et al., 1986; Denny et al., 1982). The decanucleotide 
was employed as the sodium salt. For the NMR experiments 
the decanucleotide was dissolved in 400 pL of H 2 0  or 2 H z 0  
containing 0.1 M NaCl, 0.05 M phosphate buffer, and 0.1% 
(w/v) NaN3, pH 7.0. The concentration of the DNA was 1.2 
mM in duplex. The IH NMR spectra were obtained at 500 
MHz on a Bruker WM-500 spectrometer equipped with an 
ASPECT 3000 computer. A description of the individual 
NMR epxeriments used has been deposited as supplementary 
material. 

Quantitative measurements of the ‘H-lH scalar couplings 
in the deoxyribose rings were obtained by simulatiop of the 
cross-peaks in a 2QF-COSY spectrum (Rance et al., 1983) 
recorded with acquisition times of 41 ms in t l  and 270 ms in 
t,. The data were multiplied with sine-bell functions in both 
dimensions and then zero-filled to obtain a digital resolution 
of 0.98 Hz/point in w2 and 4.88 Hz/point in wl. The SPHINX 
and LINSHA programs (Widmer & Wiithrich, 1986) were used 
for the simulations. These programs calculate 2D correlated 
spectra of strongly coupled spin systems and account for the 
parameters influencing the 2D line shapes, Le., the natural line 
width, the truncation of the FID, and the digital filter func- 
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FIGURE 1: Structure of d-(AAAAATTTTT)*. The Roman numerals 
reflect the twofold symmetry observed for the solution conformation 
of the duplex. The deoxyribose conformations in d-(AAAAATTTTT), 
resulting from the present study are indicated above and below each 
strand. P is the pseudorotation phase angle in a static deoxyribose 
conformation, and Xs indicates the population of the C2’-endo ring 
pucker in a dynamic equilibrium with the C3’-endo form. 

Table I: Relative NOESY Cross-Peak Intensities in 

nucle- 
otide* d1(1’;4’) di(6,8;2’). d,(2”;6,Qc d,(2;1’) dp(A,,2;Tlz-,l’) 
dA1 50 d 
dAz 40 d d f 
dA, 40 80 20 f 
dA4 40 80 20 f 
dA5 40 40 80 5 
dT6 320 40 40 10 
dT, 160 40 40 10 
dTs (320)’ 40 40 10 
dT9 (320)’ 40 40 20 
dTlo 40 40 20 5 
‘Values derived from a NOESY spectrum recorded with T, = 40 ms, 

using a DNA sample of 1.2 mM in duplex, 100 mM NaC1, 50 mM phos- 
phate buffer, pH 7.0, T = 293 K. bFor the sequential NOEs this column 
lists the nucleotide with the higher sequence number. ‘The NOES corre- 
sponding to di(6,S;2”) and d,(2’;6,8) were too weak to be observed. dNot 
measured because of spectral overlap. e Parentheses indicate uncertainty 
due to spectral overlap. /Too weak to be observed. 

tions. The spin systems considered in the simulations com- 
prised l’H, 2’H, 2”H, 3’H, 4’H, and the phosphorus spin 31P 
connected to the 3’-position. 

RESULTS 
In the 1D ‘H NMR spectra of the decanucleotide d- 

(AAAAATTTTT)2 the presence of only five methyl reso- 
nances and four imino proton lines showed that the twofold 
symmetry of the chemical structure is preserved in the solution 
conformation (Figure 1). The imino proton line corresponding 
to the peripheral base pairs I was not observed, presumably 
because of fraying of the duplex at the chain ends. Chemical 
shift versus temperature profiles (not shown) showed that a 
duplex structure was present over the temperature range 
281-303 K, and therefore 293 K was selected for all further 
experiments. 

( a )  Sequence-Specific Resonance Assignments. For the 
resonance assignments, recently described procedures (Chazin 
et al., 1986) were employed, which follow a similar strategy 
as in earlier work [e.g., Feigon et al. (1982, 1983), Hare et 
al. (1983), Scheek et al. (1983, 1984), and Weiss et al. 
(1984a)I. A description of the assignments, the NMR spectra 
used, and the chemical shift table have been deposited as 
supplementary material. 

(b )  Structural Constraints from NOE Measurements. A 
semiquantitative evaluation of the cross-peak intensities cor- 
responding to di(6,8;2’) and ds(2”;6,8) is presented in Table 
I. The fact that these NOEs are more intense than those 
corresponding to di(6,8;2”) and ds(2’;6,8) is a clear-cut, 
qualitative indication that d-(AAAAATTMT)2 has a B-DNA 

d-(AAAAATTTTT); 
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FIGURE 2: Absorption mode NOESY spectrum at 500 MHz of 
d-(AAAAATTTTT)2 recorded in 2H20 with a 100-ms mixing time. 
The spectral region (wl = 5.6-6.4 ppm, w2 = 7.0-8.2 ppm) containing 
cross-peaks between 1’H and base protons is shown. The chemical 
shift ranges for these protons are indicated on the left and at the top. 
Sequence-specific assignments are indicated on the left for 1’H and 
at the top for the base protons 6H, 8H, and 2H of adenine, where 
the latter are identified by a star. The five framed cross-peaks between 
adenine-2H and 1’H are discussed in the text and in Table I. 
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FIGURE 3: Absorption mode NOESY spectrum at 500 MHz of 
d-(AAAAATTTTT), recorded in ,H,O with a 40-ms mixing time. 
The spectral region (wl = 5.6-6.3 ppm, w2 = 4.0-4.6 ppm) containing 
cross-peaks between 1’H and 4’H, S’H, and 5”H is shown. The 
chemical shift ranges for these protons are indicated on the left and 
at the top. Sequence-specific assignments are indicated for the boxed 
1’H-4’H intranucleotide cross-peaks. 

conformation type (Wiithrich, 1986). Inspection of Table I 
reveals that for dAl-dA4 the relative intensities of the NOES 
corresponding to di(6,8;2’) and d,(2”;6,8) and their ratios are 
different from the corresponding data for the dTs and that 
unique values were observed for dAS. Among the additional 
NOESY cross-peak intensities (Table I) those between A2H 
and 1’H are of special interest since sequential intrastrand as 
well as interstrand NOES between these protons were observed 
(Figure 2, Table I). Furthermore, since the distance between 
the deoxyribose protons 1’H and 4’H depends strongly on the 
sugar pucker (Wiithrich, 1986), NOES between these protons 
(Figure 3, Table I) are also of interest for the ensuing dis- 
cussions on the molecular conformation. 

(c) Determination of the Deoxyribose ‘H-lH Spin-Spin 
Coupling Constants by Quantitative Simulations of 2QF- 
COSY Cross-Peaks. A visual inspection of the 2QF-COSY 
cross-peaks in d-(AAAAATTTTT)z clearly shows differences 
between the individual nucleotides. This is illustrated by 
Figures 4 and 5, which show the cross-peaks l’H-2’H and 
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FIGURE 4: Experimental 1’H(wl)-2’H(w2) cross-peaks of dAl-dA5 
and dT, in the 2QF-COSY spectrum of d-(AAAAATTTTTJ2. The 
data handling used (described in supplementary material) resulted 
in a digital resolution of 0.98 Hz/point in w2 and 4.88 Hz/point in 
q, respectively. The contours are plotted at linearly increasing levels. 
Positive and negative peak components are distinguished by the signs + and -. 1’ and 2’ identify the chemical shift positions of the cor- 
responding protons, and the frequency scale is also indicated. Note 
that in the A3 multiplet the components on the left are overlapped 
with the 1’H-2”H cross-peak of dAl. * 
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FIGURE 5: Experimental 1’H(wl)-2”H(w2) cross peaks of dAl-dA5 
and dT6 in the 2QF-COSY spectrum of d-(AAAAATM’TT),; same 
spectrum and same presentation as in Figure 4. Note that the com- 
ponents on the right in the dAl cross-peak overlap with the 1’H-2’H 
cross-peak of dA,. 

l’H-2’’H of the five adenines and of dT6, which are well 
separated in the spectrum. Because of the limited digital 
resolution along wl, where only two fine structure components 
are resolved, the analysis was primarily concentrated on the 
resolved features along w2. (In Figures 4 and 5 these are the 
coupling interactions with 2’H and 2”H, respectively. The 
corresponding cross-peaks on the other side of the diagonal, 
with 1’H along w2, were also analyzed.) In Figure 4 all the 
1’H-2’H cross-peaks contain two intense outer components 
along w2, with an indication of an unresolved in-phase splitting 
due to passive couplings. Four types of different peak patterns 
are seen for the central components. For dAl there are four 
major components, which alternate in phase and have nearly 
equal intensity. For dA2 and dA3 the phases and frequency 
positions of the individual fine structure components along w2 
are approximately the same as for dA,, but the intensities of 
the central components are considerably decreased. An ad- 
ditional weak component in the center of the dAz multiplet 
is due to strong coupling between 2’H and 2”H. For dA4 and 
dA5 the inner components are below the noise level. Since the 
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in-phase splitting of the outer components is resolved ap- 
proximately to the same extent as for dAl to dA3, this appears 
not to be solely a consequence of broader line widths. dT6 is 
similar to dA2, except that the inner components have different 
phases, and the peripheral components are weaker and show 
better resolution of the passive couplings. Less variation is 
seen among the l’H-2”H cross-peaks of the same six nu- 
cleotides (Figure 5 ) .  All of them show very similar fine 
structures, with four resolved components along the 2”H di- 
mension. Similarly, the four well separated 2’H-3’H cross- 
peaks of dAl, dA2, dA5, and dT6 (Widmer, 1987; not shown 
here) all had closely similar appearance. 

None of the experimental 1’H-2’H, l’H-”’H, or 3’H-2’H 
cross-peaks exhibited the complete eight-component multiplet 
for 2’H or 2”H, which is expected for spins with three non- 
degenerate couplings. The frequency positions of the four to 
six fine structure components that were resolved showed the 
influence of cancellation and amalgamation effects charac- 
teristic of mutually overlapping positive and negative com- 
ponents in antiphase multiplets, so that the peak-to-peak 
separations do not always coincide with the corresponding 
coupling constants (Neuhaus et al., 1985; Wuthrich, 1986). 
These experimental artifacts were taken into account by the 
use of the proper parameters in spectrum simulations using 
the programs SPHINX and LINSHA (see Materials and Methods 
for details). The deoxyribose spin systems considered in the 
simulations comprised l’H, 2’H, 2”H, 3’H, 4’H, and the 31P 
spin bound to the 3’-position. For the simulations of some of 
the 1’H-2’H and l’H-2”H cross-peaks, a subsystem was used 
where 4’H and the 31P spin were not considered. Weak cou- 
pling was assumed throughout, except between 2’H and 2”H, 
where the experimental chemical shift difference was used in 
the calculations. In order to find parameter sets corresponding 
to the observed cross-peak fine structures and to evaluate the 
precision with which the individual spin-spin coupling con- 
stants could be determined by using the experiments of Figures 
4 and 5, sets of simulations were calculated with systematic 
variation of the coupling constants for the spin observed along 
w2. Since they do not directly affect the fine structure along 
w2, those parameters that are effective only along the less well 
resolved w1 axis were kept constant for all calculations of a 
given cross-peak. A check on the internal consistency of the 
spectrum simulations was obtained from the fact that the same 
spin-spin coupling constants are manifested along w2 in dif- 
ferent cross-peaks, e.g., in l’H(ol)-2’H(w2) and 3’H(w1)- 

In the simulations of the 1’H(01)-2’H(w2) cross-peaks, the 
coupling constants 3Jlf21, 2J2f2fl, and 3J213f were varied while all 
other coupling constants of the spin systems were kept fixed 
(see caption to Figure 6). The range of values for the variable 
parameters was restricted by the following considerations. 
Since 2J212,1 in deoxyribose rings is always close to -14.0 Hz 
[e.g., Davies and Danyluk (1974) and Davies (1978)], simu- 
lations were done for -13.0, -14..0, and -15.0 Hz. For 3J1121 
the upper bound of the range considered corresponds to the 
maximum for vicinal ‘H-lH coupling constants that is com- 
monly observed. The lower bound of 9.2 Hz for the range of 
3J1f21 values and the range from 4.3 to 8.5 Hz for 3J213f were 
based on the considerations that the splitting of the outermost 
fine structure components in Figures 4 and 5 is in-phase and 
must therefore correspond to 3J2131 and that the overall width 
along w2 of the multiplets l’H(ol)-2’H(w2) and 3’H(o,)- 
2’H(02) is determined by the sum of 3Jlf2f + 2J212fl + 3J2f3f. 
Within these ranges the coupling constants 3Jlf2f and 3J2f3f were 
changed independently in 0.7-Hz increments. For all spin 
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FIGURE 6: Simulated l’H(wl)-2’H(w2) 2QF-COSY cross-peaks of 
deoxyribose. The coupling constants 3J1t2. and 3J2131 were systematically 
varied as indicated at the top and on the left. The other coupling 
constants are 2J2t2ff = -13.0 Hz, 3JllTt = 5.6 Hz, 3J2ff31 = 1.0 Hz, 3J3t4t 
= 2.0 Hz, and 3J3T = 5.6 Hz. 2”H is 240 Hz to lower field than 2’H, 
and for all other combinations of protons weak coupling was assumed. 
In both dimensions the full line width at half-height was 9.0 Hz, and 
an exponential decay of the free induction was used. The acquistion 
times, the filter functions, and the digital resolution in both dimensions 
are the same as in the experimental spectrum of d- (AAAAAT”) ,  
(see caption to Figure 4 and supplementary material). In this and 
in all other figures showing simulated cross-peaks, contours are plotted 
at linearly increasing positive (solid lines) and negative (broken lines) 
levels. 1’ and 2’ identify the chemical shifts of the corresponding 
protons. The thick frames enclose the best fits with the experimentally 
observed cross-peak fine structures for dA2 and dA3, dA4 and dA5, 
and dT6, respectively, as indicated in the figure. 

systems except dTlo (see below) the chemical shift difference 
AvYr was sufficiently large to be read from the experimental 
spectrum. In Figure 6 the strong coupling between these two 
protons is manifested by slight deviations of the cross-peaks 
from D2 symmetry, and the extra peak in the center of the 
1’H-2’H cross-peak of dA2 (Figure 4) was also reproduced 
with Av2f21f = 55 Hz (not shown). In the representation of the 
cross-peaks with the program LINSHA the same acquisition 
times, window functions, and digital resolution as in the ex- 
periment were used. For the full line width at half-height the 
range from 5 to 10 Hz was tried in steps of 1 Hz. The line 
width affects mainly the overall intensity of the cross-peaks, 
whereas the peak patterns are not very sensitive to this pa- 
rameter. 

In Figure 6 those simulations are framed that represent the 
best fits with the different experimental cross-peaks. Similar 
studies to that of Figures 4 and 6 were done for the 1’H- 
(wl)-2”H(w2) and 3’H(ol)-2’H(02) cross-peaks (Widmer, 
1987; not shown here). The 3’H-2’H cross-peaks are much 
less sensitive to changes in the coupling constants than the 
1’H-2’H cross-peaks (see also Figure 9), so that they do not 
allow establishment of tighter bounds on the values for the 
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Table 11: IH-IH Coupling Constants in d-(AAAAATTTTT)2a 
nucleotide 3J19, 3J1vr 2J,W ’Jsv 3J3wv 

~~~ 

dAl 8.5-9.9 5.0-6.4 -14.0 to -14.5 5.0 <3.0 
dA2 9.2-10.6 5.0-5.7 -13.0 to -14.5 5.0-5.7 <3.0 
dA3 9.2-10.6 5.0-5.7 -13.0 to -14.5 5.0-5.7 <3.0 
dA4 9.2-1 1.3 5.0-6.4 -13.0 to -14.5 5.7-6.4 <3.0 
dA3 9.2-1 1.3 5.0-6.4 -13.0 to -14.5 5.7-6.4 <3.0 
dT6 9.2-10.6 5.0-6.4 -13.0 to -14.5 7.8 <3.0 
dT,-dTg (9.9-10.6)b (5.0-6.4)b (-13.0 to -14.5)b (7 .8)b (<3.0)b 
dTl0 (7 .0)b (6.3)b (-1 3.5)b (7.0)b (3.4)b 

“Derived from simulations of COSY cross-peaks of a d-(AAAAATTTTT)2 sample with 1.2 mM in duplex, 100 mM NaC1, 50 mM phosphate 
buffer, pH 7.0, T = 293 K. bNumbers in parentheses indicate that the range of values is uncertain (see text). 

W’/2K 

I 

-1’ 

20Hz’ W - ‘/2K 
FIGURE 7: Experimental and simulated 2QF-COSY cross-peaks of 
dTlo in d-(AAAAA”T)2. The presentation and the acquisition 
and processing parameters are the same as in Figures 4-6. The 
coupling constants used for the simulation are 3J1,2t = 7.0 Hz, 3J1,2t, 

2.0 Hz, and 3J3T = 5.6 Hz. 2”H is 29.0 Hz to higher field than 2’H. 
The line width was 5.5 Hz. 

individual coupling constants than those corresponding to the 
frames in Figure 6. Similarly, the l’H-2’’H cross-peaks are 
less sensitive to a change of the J coupling parameters than 
the 1’H-2’H cross-peaks, which coincides with the smaller 
variations among the different nucleotides observed in Figure 
5 when compared to Figure 4. Simulations for the cross-peaks 
on the other side of the diagonal, e.g., 2’H(ol)-1’H(02) and 
2’H(w1)-3’H(w2), confirmed the conclusions from Figure 6, 
except for the values of 3J,,2t, which were found to be ca. 0.7 
Hz smaller in the best fits of these experimental cross-peaks. 
This was taken into account by extending the range for the 
coupling constants given in Table 11. 

For dTlo the strong coupling of the C2’-protons prevented 
an independent treatment of the 1’H-2’H and l’H-2’’H 
cross-peaks. All the coupling constants 3J1t2t, 3J1T,, 2J2,2tt, 3J2,3t, 
and 3J2,a. therefore had to be varied in the same simulations 
(Figure 7), and the chemical shift difference could not be read 
directly from the experimental spectra and therefore had to 
be fitted as well. In this situation only estimates for the values 
of the individual coupling constants could be obtained, with 
the only significant differences from the nonterminal nucleo- 
tides being the smaller value for 3J1t2, (Table 11) and the 
smaller line width. Figure 7 shows that with the parameters 
listed in the caption a satisfactory fit of this complex cross-peak 
was achieved. 

The cross-peaks of dT,, dTs, and dT9 are strongly overlapped 
(e.g., Figure 8A), which precluded a meaningful simulation 
of the individual cross-peaks. We therefore examined only 
how the experimental spectral features resulting from these 
three nucleotides could best be fitted by superpositions of three 
identical cross-peaks of any of the types observed for the other 
deoxyriboses. An optimal fit was obtained by variation of the 
relative chemical shifts, as indicated in the caption to Figure 
8. Overall, comparison with these simulated peak superpo- 
sitions indicates that the experimental spectra would be com- 

= 6.3 Hz, * J 2 y  = -13.5 Hz, 3J2+y 7.0 H, 3J2tt3, 3.4 Hz, 3J3t4t = 

I 

2 I )  

~ G U R E  8: l’H(wl)-2”H(w2) 2QF-COSY cross-peaks of dT7-dTg in 
d-(AAAAATTTTT),. (A) Experiment. (B) Superposition of three 
identical cross-peaks computed with the parameters 3Jl,2tt = 6.7 Hz, 
2J2.2jt = -14.5 Hz, 3J1t2t = 10.6 Hz, 3J2t3t = 5.7 Hz, 3J2,t3t = 0.7 Hz, 
and 2”H 240 Hz to lower field than 2’H. Relative to dTg, the 1’H 
and 2”H chemical shifts for dT7 are -15 and +9 Hz, respectively, 
and for dT8 -3 and +21 Hz, respectively, where negative numbers 
indicate upfield shifts. 

patible with similar cross-peak fine structures as those for 
dAl-dA5 and dT6, with evidence for closest coincidence with 

The deoxyribose spin-spin coupling constants determined 
by visual fitting of the spectrum simulations (Figures 6-8) with 
the experiments (Figures 4, 5, and 8) are listed in Table 11. 
The ranges given in the table correspond basically to the 
framed regions in Figure 6, which were extended beyond the 
limits identified by the frames in those instances where the 
simulation of different cross-peaks resulted in somewhat dif- 
ferent values for a particular parameter. 

DISCUSSION 

In DNA duplexes containing natural nucleotides (Le., for 
example, not carrying nitroxide spin labels), there are presently 
no NMR parameters thqt could be directly related to bending 
of the double helix. Therefore, the following analysis is focused 
on the identification of unusual local conformational features 
in individual nucleotides, which might serve on an empirical 
line as indicators of unusual traits of the global molecular 
structure. We started with the assumption that the d- 
AAAAATTTTT duplex is of the B-DNA type, which is 
supported by the observation that at  short mixing times only 
the NOESY cross-peaks corresponding to the ‘H-lH distances 
di(6,8;2’) and ds(2”;6,8) were seen, whereas the di(6,8;2”) and 
ds(2’;6,8) connectivities were absent (Table I) (Wiithrich, 
1986). On this basis we then investigated if there were 
structurally significant deviations of individual ‘H-IH scalar 
coupling constants or NOESY cross-peak intensities from the 
standard values expected for B-DNA. 

(a)  Deoxyribose Ring Puckers in d-(AAAAATTTTn2 
Viewed by Measurements of H-’H Scalar Coupling Con- 

dT,. 
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stunts. Realizing that the NMR parameters collected in the 
present study can be directly related only to strictly local 
features of the conformation of d-(AAAAATTTTT), and 
considering that the distance constraints obtained from 
NOESY experiments are presently still primarily useful for 
characterizing the global features of a macromolecular con- 
formation rather than the local details of the three-dimensional 
structure that would be of interest here (Wuthrich, 1986), we 
concentrated our efforts on a structural interpretation of ‘H- 
‘H scalar couplings in the deoxyribose rings. This idea is a 
priori not original, since spin-spin coupling constants have been 
analyzed in a large number of mononucleotides and small 
oligonucleotides [e.g., Altona (1982)], and more recent studies 
also described the use of spin-spin coupling constants for 
investigations of DNA duplexes (Hosur et al., 1986; Chary 
et al., 1987; Rinkel & Altona, 1987). However, relative to 
these latter projects the present measurements of ‘H-lH 
coupling constants by complete simulation of the cross-peaks 
should be more reliable, since the simulations account also for 
distortions of the multiplet fine structure by the filter functions 
used, large line widths, truncation effects, etc. (Neuhaus et 
al., 1985; Wuthrich, 1986). Hosur et al. (1986) proposed to 
use the absolute value COSY cross-peak intensities to assess 
the relative size of the active couplings in the different nu- 
cleotides of a DNA duplex, assuming that the passive couplings 
and the line width have the same influence for a given type 
of cross-peak in all nucleotides of the molecule. Rinkel and 
Altona (1987) derived sums of coupling constants from the 
partially resolved multiplets in absolute value COSY cross- 
peaks and from one-dimensional spectrum simulations using 
idealized narrow resonance lines. In the real cases where the 
resonance lines are rather broad, such as in d- 
(AAAAATTTTT),, the in-phase splittings are not resolved 
and the frequency differences between the peripheral multiplet 
components would then be difficult to measure with this 
technique. 

To obtain a basis for the structural analysis of the spin-spin 
coupling data, we started from a recent compilation of hy- 
pothetical cross-peak patterns (Widmer & Wuthrich, 1987). 
Using the same conditions as in the simulations of the ex- 
perimental cross-peaks (Figures 6-8), these earlier computa- 
tions of ‘H-lH COSY cross-peaks were repeated and expanded 
in scope. On the one hand, cross-peak multiplets were simu- 
lated for a rigid deoxyribose ring, with the conformation 
characterized by the pseudorotation phase angle, P, and the 
pucker amplitude, a,, defining the endocyclic torsion angles, 
a, (Altona & Sundaralingam, 1972, 1973): 

(1) @, = 9, cos (P + 4a(j - 2)/5); j = 0-4 

The coupling constants corresponding to 9, = 40’ and selected 
values of P were used to simulate the cross-peaks Cl’H-C2’H, 
Cl’H-C2”H, C3’H-C2’H, and C3’H-C2’’H (Figure 9; Figure 
10 with X ,  = 0.0 and 1.0). On the other hand, simulations 
were calculated for the same cross-peaks by using a dynamic 
model for the deoxyribose ring, where only the two confor- 
mation states with PN = 9’ and 9, = 40’ and Ps = 17 1 ’ and 
9, = 40°, respectively, would be populated. PN corresponds 
closely to the C3’-endo conformation of A-DNA, and Ps is 
near CY-endo of B-DNA (Saenger, 1984). Rapid intercon- 
version between these two limiting deoxyribose conformations 
is assumed, with the fractional populations Xs and X N .  The 
effective coupling constants, Jikeff, are 

Jikeff = XNJikN + xsJiks; XN + xs = 1 (2) 

JikN and Jiks represent the coupling constants between the spins 
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FIGURE 9: Simulated 2QF-COSY cross-peaks for different rigid 
conformers of deoxyribose characterized by a sugar pucker amplitude 
of 40’ and the pseudorotation phase angles, P, indicated in the figure. 
The l’H-2’H, 1’H-2”H, 2’H-3’H, and 2”H-3’H cross-peaks are 
shown. The chemical shifts of dA5 in d-(AAAAAT1TTT)2 are used. 
The full line width at half-height is 9.0 Hz, and the other line-shape 
parameters are the same as in Figure 6 (see also Materials and 
Methods). The coupling constants 2Jz12t, and 3J3T are -13 and 5.8 
Hz, respectively, and the other coupling constants (Hz) are shown 
below (Rinkel & Altona, 1987). The frequency scale is indicated 
in the figure. On the sides and at the top, l’, 3’, 2’, and 2’’ identify 
the chemical shifts of the corresponding protons. The contours are 
plotted at linearly increasing positive (solid lines) and negative (broken 
lines) levels. Empty boxes indicate that the corresponding cross-peak 
is too weak to show contours. 

P (deg) 3Jl$2t 3J1t2tl 3J2tv 3J2tt3~ 3J3$4t 
27 2.4 8.6 7.1 9.8 8.8 
54 5.4 9.0 8.7 7.8 8.7 

117 10.3 5.5 8.1 1.5 4.6 
135 10.6 5.0 6.6 1.2 2.8 
144 10.6 4.9 6.0 1.2 2.1 
234 5.0 7.0 6.0 1.2 1 .o 
270 1.9 6.8 7.6 3.6 1.2 
306 1.2 6.3 7.4 7.8 3.7 

i and k in the N or S conformations, respectively. Cross-peaks 
were computed by using different sets of Jikeff values obtained 
with eq 2 (Figure 10). Figures 9 and 10 show which of the 
‘H-’H coupling constants are most sensitive to changes in 
conformation and therefore most useful for conformational 
studies. In the context of the present study the conformations 
near a standard A- or B-DNA and the region in between are 
of most interest. In both the static (Figure 9) and the dynamic 
(Figure 10) model the cross-peaks l’H(wl)-2’H(w2) and 
3’H(w1)-2’’(u2) should enable an unambiguous qualitative 
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FIGURE 10: Simulated 2QF-COSY cross-peaks for dynamic states 
of a deoxyribose characterized by rapid interconversion between the 
two conformations with P = 9 O  (N) and P = 171' (S), for which the 
J values were taken from Rinkel and Altona (1987). The relative 
population of the S conformer, Xs, is given in the figure, and XN = 
1 - X,. The line width, 2J2t2,t, and 3J3? are the same as in Figure 9 
and effective values of the other coupling constants (Hz) are shown 
below. 

0.2 3.3 7.2 6.2 8.6 7.0 
0.4 5.0 6.7 5.8 6.8 5.5 
0.6 6.8 6.1 5.5 5.1 4.0 
0.8 8.5 5.6 5.1 3.3 2.5 
1.0 10.3 5.1 4.8 1.6 1 .o 

distinction between A-DNA-type and B-DNA-type deoxy- 
ribose forms, with 1'H(wl)-2''H(o2) and 3'H(w1)-2'(w2) being 
much less sensitive to conformational changes and probably 
providing primarily supporting evidence for conclusions at- 
tained by using the other cross-peaks. Furthermore, com- 
parison of the experimental data (Figures 4 and 5) with the 
simulated cross-peak fine structures in Figures 9 and 10 should 
enable a distinction between static or dynamic deviations of 
the structure of d-(AAAAATTTTT)2 from a standard B- 
DNA form. 

The experimental 1'H-2'H cross-peaks can be divided into 
four groups (Figures 4-6, Table 11): (i) The J values for dA4 
and dA5 indicate a static C2'-endo sugar conformation, with 
P in the range 150-180'. (ii) For dAl, dA2, and dA3 both 
3Jlr and 3Jr3, are ca. 1 Hz smaller than for dk ,  and dA5. The 
observed combinations of spin-spin coupling constants could 
be explained by either a static or a dynamic conformation 
change relative to dA4 and dA5. Following the static model 
the small decrease of 3J2t3, and 3Jl,2t would indicate that the 
pseudorotation phase angle P is approximately 20' larger in 
dAl-dA3, since 3Jlt2t decreases only for P > 171' (captions 
to Figures 9 and 10). In particular for dAl the Jvalues would 
indicate that P is in the range 171-198', where the upper limit 
is given by the fact that we did not observe an increased value 
for 'J1t2tt. In the dynamic model (Figure 10) the combinations 
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of J values observed for dAl-dA3 could be accommodated by 
small deviations from Xs = 1. For example, for dAl a value 
of Xs = 0.9 would give a satisfactory fit. While the presently 
available data do not allow a distinction to be made between 
the static and the dynamic models, the observation that the 
trend to smaller values of both 3J1f2f and 3J2f3, is most pro- 
nounced for dAl might be taken as an indication of a pre- 
dominantly dynamic mechanism underlying the observed 
spectral changes. (iii) For dT6 3J2f3t is significantly larger than 
for dAl-dA5, whereas 3Jlf2f is the same as for dAl-dA5. This 
set of coupling constants cannot be accommodated in the 
simple dynamic model of Figure 10, with the pure N and S 
conformations as the two limiting structures. It fits, however, 
a static structure with a pseudorotation phase angle P of 
100-130' (see Figures 4,9, and 10). A similar structure is 
implicated for dT7-dT9, but since the coupling constants were 
not determined individually and overall the experimental data 
for these sugar rings were limited by spectral overlap (Figure 
8), this result is less well substantiated than that for dT6. (iv) 
The combination of spin-spin coupling constants obtained from 
the analysis of the strongly coupled spectrum of dTlo (Figure 
7) can on be accommodated by a model assuming rapid ex- 
change between different structures. A good fit was obtained 
with Xs = 0.7. Increased conformational flexibility of the 
3'-terminal deoxyribose rings was reported also for other DNA 
duplexes (Orbons & Altona, 1986). 

The precision of the determination of the J values, which 
are the basis for the aforementioned conclusions on the de- 
oxyribose conformations in d-(AAAAATTTTT)2, is a priori 
largely determined by the increments of the J values between 
the simulated fine structures used for the visual fits of the 
experiments. These in turn were selected so as to do justice 
to the dependence of the parameters in question on the changes 
of conformation. Also, the simulations covered large ranges 
of the individual parameters, so that we can be confident to 
have found unique sets of parameters to fit the experiments. 
However, there were also apparent artifacts in the experimental 
cross-peaks that we could not account for. For example, the 
in-phase splittings between the outer components of individual 
1'H-2'H cross-peaks (Figure 4) were not identical, the sepa- 
ration of the anti phase components in the high-field and 
low-field portions of l'H-2''H cross-peaks (Figure 5) differed 
by up to 1.5 Hz, or some components of the 3'H-2'H cross- 
peaks (Widmer, 1987) were tilted relative to the frequency 
axes. These features could not be eliminated by varying the 
phasing, and they could not be explained by strong coupling 
effects in the systems studied. Possible origins for these as 
yet unexplained spectral features, which were not explicitly 
considered in the simulations, could be deviations of the phases 
and the flip angles frod the nominal values or different re- 
laxation times for individual coherences. It should also be 
pointed out that large line widths had to be used to obtain 
satisfactory fits of the experiments (Figures 6-10), which also 
set limitations to the extent with which certain spectral details 
could be considered. 

(b)  Structural Implications from the lH-l H Overhauser 
Effects. As was mentioned earlier, the NOES used for ob- 
taining the sequence-specific lH NMR assignments in d- 
(AAAAATTTTT)2 (Table I) showed that the duplex has a 
right-handed, B-DNA-type structure. Of special interest for 
the present study then is that the NOESY cross-peak corre- 
sponding to the intranucleotide distance di( 1';4') is nearly an 
order of magnitude more intense for dT6 than for dAl-dA5. 
A qualitatively similar result was obtained for dT7 and is 
implicated for the less well resolved cross-peaks of dT8 and 
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dT9 (Figure 3, Table I). In a C2’-endo conformation with P 
= 170°, as it is indicated for dA and dA5 by the J coupling 
constants, the distance di(1’;4’) is ca. 3.1 A. For the non- 
terminal dTs the relative NOESY cross-peak intensities then 
indicate that di( 1’;4’) is ca. 2.2-2.4 A, which places the value 
of P between 60’ and 1 20’ [Figure 1 1.4 in Wuthrich (1986)l. 

The experimental finding that the NOE cross-peaks of dA5 
corresponding to di(6,8;2’) and ds(2”;6,8) are unique among 
the dAs (Table I) serves as a further indication that the nu- 
cleotide dA, at the dA-dT junction is structurally unique 
among the nucleotides in this duplex. It is also worth men- 
tioning that for all dTs the NOE cross-peaks corresponding 
to di(6,8;2’) are less intense than those for the dAs, which is 
against the trend expected from the values predicted from 
stereochemical considerations [Figure 1 1.6 in Wuthrich 
(1986)l. This implies that the values for the pseudorotation 
angle P and the glycosidic torsion angle x for the dTs are 
different from those of the dAs and do not correspond to a 
standard CY-endo conformation. 

Both the inter- and intrastrand distances between A2H and 
1’H (Figure 2, Table I) are too long for NOE observation in 
the “standard” B-DNA coordinates derived from Arott’s fiber 
diffraction data [Tables 1 1.2 and 1 1.4 in Wuthrich (1986)], 
but the variations of these distances between the individual 
nucleotides in single crystals of B-DNA extend to values that 
would be observable by NOESY [see Dickerson et al. (1985) 
and references cited therein]. Since there are too many degrees 
of freedom in the duplex, we cannot identify a unique structure 
that would be determined by the observation of these NOES. 
Inspection of molecular models indicates that they would be 
compatible with distorted B-DNA forms, which include large 
propeller twisting for AT base pairs, as reported recently by 
Nelson et al. (1987) and Coll et al. (1987) from X-ray studies 
of oligonucleotides containing dA, tracts. 

(c)  Conclusions and Comparison with Literature Data. The 
present experiments indicate that the B-DNA-type duplex 
d-(AAAAATTTTT)2 contains a static distortion of the ring 
puckers of dT6 and dT7 away from a pure C2’-endo confor- 
mation. As a result there occurs a change of conformation 
at the dAS-dT6 junction within each of the two DNA strands. 
The deoxyribose ring puckers of dA and dT within the 
Watson-Crick base pairs AST6 and A4T7 are therefore dif- 
ferent. Combining the information from NOES and from the 
analysis of the spinspin coupling constants, we conclude that 
the deoxyribose conformation for dA4 and dA5 can be char- 
acterized by a value of the pseudorotation phase angle P in 
the range 150-180’ and for dT6 and dT7 by a P value between 
100 and 130’. Furthermore, the sequential and interstrand 
NOES between adenine 2H and deoxyribose 1’H are com- 
patible with pronounced propeller twisting of the AT base 
pairs. 

With regard to the mechanism of DNA bending, it would 
be of interest to distinguish between the following two limiting 
structural situations: (i) All five nucleotides in the (dA), tract 
or the (dT), tract, respectively, would have identical local 
conformations, and a structural change would occur abruptly 
at the dA5-dT6 junction. (ii) The nucleotides dA5 and dT6 
would have unique conformations, indicating that the struc- 
tural transition extends from the dA4-dA5 junction to the 
dT6-dT7 junction. Unfortunately, the possibilities to distinguish 
between these two situations are somewhat limited. Thus, 
earlier work [e.g., Connolly and Eckstein (1984) and Otting 
et al. (1987)l had shown that the three terminal base pairs 
in DNA duplexes in solution are influenced by the proximity 
to the chain ends and should therefore be used only with great 
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care for studies of sequence effects on the conformation. In 
d-(AAAAATTTTT), the NMR data clearly demonstrate 
increased mobility of the deoxyribose ring in the 3’-terminal 
nucleotide, dTIo, whereas lack of sufficient spectral resolution 
of the deoxyribose protons prevented a detailed analysis for 
dTE and dT9. For dA, to dA3 the deviations of the NMR 
parameters from those expected for a pure C2’-endo confor- 
mation are again best explained by increased internal mobility 
of the deoxyribose ring, whereby the degree of mobility thus 
inferred is clearly smaller for the 5’4erminal dA than for the 
3’-terminal dT. With regard to a distinction between the 
aforementioned structural situations i and ii, this means that 
we have to concentrate primarily on observations made with 
the central nucleotides dA4 to dT7, whereby one must also 
consider that dA5 and dT6 are in unique sequence locations. 
Data pointing toward a special structure for the central nu- 
cleotides dA5 and dT6 are that sequential NOES corresponding 
to ds(2;1’) are observed only between d& and dA5 and between 
dA5 and dT6, respectively (Table I), and that sequential NOES 
between the methyl groups were observed for dT7-dTE and 
dTE-dT9 but not for dT6-dT7. Also, the NOE corresponding 
to di(1’;4’) is somewhat less intense for dT7 than for dT6 
(Figure 3). Additional data that might have provided more 
information could not be collected because of the structural 
and spectroscopic equivalence of the two central base pairs, 
e.g., the interstrand NOE between the protons in position 2 
of dA, (Patel et al., 1983). Overall, in view of the limited 
amount of data available, a predominance of either of the two 
aforementioned structures i or ii cannot be unambiguously 
established, but there are indications that the transition from 
the conformation seen for dA4 to that of dT7 extends over the 
central two nucleotides dA, and dT6 rather than occurring as 
an abrupt change at the junctions dA,-dT,. 

Several recent publications on oligonucleotide duplexes 
containing (dA), tracts followed by one or several dTs are 
particularly interesting to compare with the results obtained 
here. The dodecanucleotide duplex d-(AAAAAATTTTTT)2 
(Roy et al., 1987) and the undecanucleotide duplex d- 
(CGAAAAATCGG).d-(CCGATTTTTCG) (Kintanar et al., 
1987) were studied in aqueous solution by NMR. For both 
compounds neither NOES recorded at short mixing times nor 
data on spinspin couplings have been reported as yet, and thus 
a detailed comparison of their structural properties with those 
of d-(AAAAATTTTT), is not possible. However, there are 
qualitative spectral features that indicate that the conforma- 
tions of the AT base pairs formed by the (dA), tracts in these 
molecules are similar to those in the decanucleotide duplex 
d-(AAAAATTTTT),. This includes closely similar relative 
chemical shifts for the protons of the individual nucleotides 
near the dA-dT junction. Also, the interstrand A2H-1’H 
NOES were stronger than the sequential ones, and as in d- 
(AAAAATTMT), all A2H-1’H NOES are more intense than 
those in oligodeoxynucleotides containing only isolated AT base 
pairs (Behling & Kearns, 1986; Behling et al., 1987; Patel et 
al., 1986; Weiss et al., 1984b; even though the NOESY 
measurements in these references were all obtained with long 
mixing times, such a qualitative comparison should still be 
warranted). The similarity of these ”fingerprints” for the 
different compounds appears to support the hypothesis that 
the variations in the deoxyribose ring puckers observed here 
for d-(AAAAATTTTT)2 might be a general feature of du- 
plexes containing (dA), tracts followed by dT. It will be of 
interest to further investigate if and how variations in the 
deoxyribose ring conformations are related to bending of the 
DNA complex. 
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The crystal structures of d-(CGCAAAAAAGCG).d- 
(CGCTTTTTTGCG) (Nelson et al., 1987) and d- 
(CGCAAATTTGCG), (Coll et al., 1987) were found to exist 
in B-DNA-type global conformations. Again, at the resolution 
presented in these publications, a direct comparison with in- 
dividual deoxyribose ring puckers is not possible. On the other 
hand, both structures contain pronounced propeller twists for 
the AT base pairs, which could be related to the A2H-1’H 
NOES observed in solution and thus provide another indication 
that all the aforementioned (dA),-containing compounds might 
eventually be found to belong to the same conformational 
family. 

All features of the IR spectrum of cast films of d- 
(AAAAATTTTT), at high relative humidity (Taillendier et 
al., 1987) are in agreement with C2/-endo conformations for 
all deoxyriboses, whereas spectra taken of cast films at lower 
humidity exhibit additional features from C3’-endo sugar 
conformations. Thus, it would be interesting to run NMR 
spectra of aqueous d-(AAAAATTTTT), under partially 
dehydrating conditions in order to obtain a more direct com- 
parison with these IR data. The Raman spectra of aqueous 
d-(AAAAATTTTT), solutions (Taillendier et al., 1987) are 
also in qualitative agreement with the results of the present 
NMR study. It should be mentioned that the higher pro- 
portion of sugars in C3’-endo conformations as deduced from 
Raman studies vs. NMR studies (20 f 5% vs 8 f 2%) might 
be due to the fact that the Raman marker band at 816 cm-’, 
which was used for this estimation, was apparently erroneously 
assigned (Katahira et al., 1986). In a recent paper (Patapoff 
et al., 1988) microcrystals of d-(AAAAATTTTT)* were 
studied by polarized Raman spectroscopy. The conclusions 
were qualitatively the same as from the Raman study in 
aqueous solution (Taillendier et al., 1987). Specifically, the 
authors claim that by their method they are not able to detect 
that the decamer is appreciably bent in the crystal. 
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ABSTRACT: As part of our studies on the molecular mechanism of mutation [Chambers, R. W. (1982) in 
Molecular and Cellular Mechanisms of Mutagenesis (Lemontt, J. F., & Generoso, W. M., Eds.) pp 121-145, 
Plenum, New York and London], we wanted to prepare specific oligonucleotides carrying @- or @-ab 
kylthymidine residues. Since 0-alkylthymine moieties are known to be alkali labile, side reactions were 
expected during the deprotection procedures used for synthesis of oligonucleotides on a solid support by 
the classical phosphoramidite method. We have studied these side reactions in detail. Kinetic data show 
the deprotection procedures displace most Oalkyl groups at  rates that make these procedures inappropriate 
for synthesis of most oligonucleotides carrying Oalkylthymine moieties. We describe alternative deprotection 
procedures, using readily accessible reagents, that we have used successfully to synthesize a series of 
oligonucleotides carrying several different 0-alkylthymine moieties. The oligonucleotides synthesized are 
d(A-A- A- A-G-T-alkT-T-A-A-A-A-C- A-T), where alk = @-methyl, @-isopropyl, @-methyl, @-isopropyl, 
and 04-n-butyl. This work extends the previously described procedure for the chemical synthesis of oli- 
gonucleotides carrying an @-methylthymine moiety [Li, B. F., Reese, C. B., & Swann, P. F. (1987) 
Biochemistry 26, 1086-10931 and reports the first chemical synthesis of an oligonucleotide carrying an 
02-alkylthymine. The oligonucleotides synthesized have a sequence corresponding to the minus strand that 
is complementary to the viral strand at  the start of gene G in bacteriophage @XI74 replicative form DNA 
where the normal third codon has been replaced with the ocher codon, TAA. 

w h e n  active carcinogens react with DNA, stable adducts 
form. Some of these adducts have been shown to produce 
mutations in vivo, and attention has focused on the possible 
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role of these mutations in cancer. Using a combination of 
chemical and biochemical techniques, it is now possible to 
introduce these carcinogen-DNA adducts at  preselected 
positions in biologically active DNA so that the mutagenic 
activity of the adduct and the effect that DNA repair has on 
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