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ABSTRACT: One- and two-dimensional N M R  experiments were carried out on a decamer, d- 
(CGCTTTTCGC)*d(GCGAAAAGCG), and on the same sequence with the addition of an unpaired 
thymidine, d(CGCTTTTCGC)*d(GCGAATAAGCG), which will be referred to  as the T-bulge decamer. 
Evidence from one-dimensional NOE experiments on the exchangeable protons indicates that the unpaired 
thymidine is extrahelical. This conclusion is also supported by numerous cross-peaks in the two-dimensional 
NOESY spectrum of the nonexchangeable protons. Assignments for all of the resonances, with the exception 
of the H5' and H5" resonances, have been made for both oligonucleotide duplexes through the use of 2D 
NOESY, COSY, and relayed COSY experiments. Temperature dependence of the methyl resonance 
chemical shifts indicates that the unpaired thymidine shows unusual behavior compared to other thymidines 
in the duplex. Two-dimensional NOESY experiments carried out from 5 to 35 OC indicate the unpaired 
thymidine remains extrahelical throughout this temperature range. A similar temperature dependence for 
the methyl chemical shift is found in the corresponding single-strand d(GCGAATAAGCG). The oligo- 
(dA).oligo(dT) tracts in both the decamer and the T-bulge decamer have structures different from B-form 
D N A  and exhibit NOEs similar to those observed in other oligonucleotides containing A-T tracts. The 
formation of this unusual A-T tract structure may induce the extrahelical conformation of the unpaired 
thymidine. 

In the past 10 years there have been numerous investigations 
on the structural effects of unpaired nucleotides. These studies 
have been motivated primarily by an interest in understanding 
the molecular basis for frameshift mutations. Initial studies 
used polymeric DNA and gave general results as to the effects 
of an unpaired base on double-strand stability (Fresco & 
Alberts, 1960; Lomant & Fresco, 1974). More recently there 
have been studies on bulge-containing oligonucleotides using 
techniques such as X-ray crystallography and NMR spec- 
troscopy. The oligonucleotides studied can be put into two 
categories: oligonucleotides containing an unpaired purine and 
those with an unpaired pyrimidine. 

Solution studies on duplexes containing an unpaired purine 
showed that the unpaired purine, regardless of whether it was 
an adenine or a guanine, stacks with the adjacent base pairs, 
resulting in an intrahelical conformation (Patel et al., 1982; 
Hare et al., 1986; Woodson & Crothers, 1987, 1989; Roy et 
al., 1987b; Kalnik et al., 1989a; Nikonowicz et al., 1989). The 
duplexes investigated contain a wide variety of base pairs 
adjacent to the unpaired purine and yet they all adopt an 
intrahelical conformation; thus the neighboring base pairs do 
not seem to influence the conformation of the unpaired purine. 
Recently several of the molecules containing an unpaired 
adenosine, whose conformations were determined in solution, 
have been studied by using X-ray crystallography (Joshua-Tor 
et al., 1988; Miller et al., 1988). In these studies, the unpaired 
base was found to be excluded from the helix, allowing the 
adjacent base pairs to stack and resulting in an extrahelical 
conformation of the unpaired base. It was hypothesized that 
forces present in the condensed phase of the crystallographic 
studies were responsible for forcing the molecule into a 
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structure which was contrary to that found in solution. 
The studies on unpaired pyrimidines have been done ex- 

clusively in solution and have shown that both the extrahelical 
and intrahelical conformations can exist (Haasnoot et al., 1980; 
Morden et al., 1983; van den Hoogen et al., 1988; Kalnik et 
al., 1989b, 1990). The unpaired thymidine in the work 
presented here is in the center of an oligo(dA)sligo(dT) region. 
The intent of this sequence was to model the theory of 
Streisinger et al. (1966), in which it is predicted that frameshift 
mutations will occur in regions of high base-pair repeat. 
Oligo(dA).oligo(dT) tracts have also been shown to have a 
structure different from a standard B-form DNA. This un- 
usual structure has been studied by X-ray crystallography 
(Nelson et al., 1987; Coll et al., 1987; Yoon et al., 1988) and 
NMR spectroscopy (Kintanar et al., 1987; Roy et al., 1987a; 
Katahira et al., 1988; Sarma et al., 1988; Gupta et al., 1988; 
Celda et al., 1989; Nadeau & Crothers, 1989; Katahira et al., 
1990). The structure is characterized by a high propeller twist 
(215'), which results in NOEs' in the NMR spectra that are 
not usually observed for a random sequence oligonucleotide. 
It has been proposed that the structure is stabilized by a 
network of interstrand bifurcated hydrogen bonds, which may 
be unique to the A-T tract (Nelson et al., 1987; Yoon et al., 
1988). Kinetic data, obtained from imino proton exchange 
(Leroy et al., 1988), indicates that lifetimes of A-T base pairs 
inside the A-T tract have unusual properties not observed for 
imino protons in G-C-rich, alternating, or random sequences. 
These investigations also indicate that this unusual structure 
will only be stable in repeats of four or more A-T base pairs 

I Abbreviations: NOE, nuclear Overhauser effect; NOESY, two-di- 
mensional nuclear Overhauser effect spectroscopy; COSY, two-dimen- 
sional correlated spectroscopy; relayed COSY, two-dimensional relayed 
coherence transfer spectroscopy; EDTA, ethylenediaminetetraacetic acid; 
TSP, sodium 3-(trimethylsilyl)[2,2,3,3-*H4]propionate; HPLC, high- 
performance liquid chromatography; TPPI, time-proportional phase in- 
crement; ppm, parts per million. 
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(Leroy et al., 1988; Nadeau & Crothers, 1989). 
In this paper we present N M R  data for a decamer con- 

taining an unpaired thymidine in an A-T tract, d- 
(CGCTTTTCGC).d(GCGAATAAGCG), and compare it to 
the decamer d(CGCTTTTCGC).d(GCGAAAAGCG). Ev- 
idence is given for the unpaired thymidine in the T-bulge 
decamer being bulged outside of the helix and for an altered 
structure in the surrounding A-T tract. 

MATERIALS AND METHODS 
Oligonucleotide Samples.  The oligonucleotide 

dCGCTTTTCGC was synthesized on a Model 380A Applied 
Biosystems DNA synthesizer using a solid support and methyl 
phosphoramidite chemistry. Purification by reverse-phase 
HPLC was performed on a Zorbax C18 column (Dupont) with 
a 0-30% acetonitrile gradient in 0.1 M ammonium acetate 
buffer (pH 7) over 30 min. Purity was confirmed by using 
strong anion-exchange HPLC on a Zorbax column (Dupont) 
with an ammonium acetate buffer (pH 7) in 20% ethanol with 
a 0.01-2.5 M ammonium acetate gradient in 60 min. The 
oligonucleotide was lyophilized and then dissolved in 2 M NaCl 
to convert from ammonium to sodium salt. The sample was 
then desalted over a Sep-Pak C18 cartridge (Waters Asso- 
ciates) and passed several times over a P-2 column (Bio-Rad), 
with water used to elute. dGCGAAAAGCG and dGCGA- 
ATAAGCG were purchased from Midland Certified Reagent 
Co. (Midland, TX) in purified form, and purity was checked 
for these oligonucleotides with both reverse-phase and strong 
anion-exchange HPLC as described above. The purchased 
oligonucleotides were used without further purification. 

NMR Samples. The concentrations of the oligonucleotides 
were determined optically at 25 OC by using the following 
extinction coefficients per mole of strand a t  260 nm: 
dCGCTTTTCGC, 80.4 X lo3 M-' cm-'; dGCGAAAAGCG, 
104.2 X lo3 M-I cm-I; and dGCGAATAAGCG, 114.3 X lo3 
M-' cm-I. The final concentration for all the NMR samples 
was 2 mM in each single strand in 10 mM phosphate buffer 
containing 0.1 mM EDTA and 0.1 M NaCl. For observation 
of the nonexchangeable protons, samples were lyophilized three 
times from 99.8% D20  (Wilmad), the pD was adjusted to 6.6 
(uncorrected pH meter reading), and the sample was lyo- 
philized and dissolved in 99.96% D 2 0  (Wilmad). The samples 
for observing the exchangeable protons were prepared in the 
buffer described above and dissolved in 90% H20 /  10% D20.  

NMR Experiments. All of the NMR data were obtained 
on a 400-MHz Bruker AM spectrometer equipped with an 
Aspect 3000 computer. The chemical shifts are relative to 
internal sodium 3-(trimethyl~ily1)[2,2,3,3-~H~]propionate 
(TSP). 

The one-dimensional temperature profiles for the nonex- 
changeable protons were collected with 8192 complex data 
points over a 4600-Hz sweep width with 128 accumulations. 
The residual HDO in the sample was suppressed by low-power 
presaturation during all periods except acquisition. A line 
broadening of 0.2 Hz was applied before the spectra were 
transformed. The exchangeable proton spectra were obtained 
by using a 133 1 pulse sequence for water suppression (Hore, 
1983a,b) with the carrier frequency set on the H 2 0  resonance. 
The data were collected with 8192 complex data points over 
a sweep width of 12 000 Hz, and a line broadening of 2 Hz 
was applied prior to transformation of the data. Imino spectra, 
as a function of temperature, were the sum of 256 accumu- 
lations. The imino NOE difference spectra were collected with 
a 500-ms irradiation pulse in groups of 32 accumulations 
cycled between irradiation on resonance and irradiation off 
resonance for a total of 4000 accumulations each. The dif- 
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FIGURE 1: Numbering scheme for the bases in the T-bulge decamer 
and the decamer. The unpaired thymidine will be referred to as Tb. 

ference spectra were generated by subtraction after trans- 
formation. 

The phase-sensitive two-dimensional NOE experiments 
(NOESY) of the duplexes in D20  were collected by using the 
TPPI method (Bodenhausen et al., 1984) with a 4500-Hz 
sweep width, a 200-ms mixing time, and a 1.8-s recycle delay. 
The residual HDO signal was suppressed by presaturation. 
The NOESY spectra were collected with 1024-2048 complex 
data points in t2 and 300-350 points in t , ,  each being the sum 
of 128 accumulations. The two-dimensional NOESY data sets 
were processed by using FTNMR software (Hare Research, 
Inc.). The data were apodized with a shifted sine-bell curve, 
shifted by 45O for both the t l  and t2 domains, zero-filled, and 
transformed. The final data sets were 2K X 2K for the de- 
camer and 1K X 1K for the T-bulge decamer. 

The two-dimensional correlated spectroscopy experiments 
(COSY) were obtained in the magnitude mode (Aue et al., 
1976; Nagayama et al., 1980) with 1024-2048 complex points 
in t2 and 300-350 points in t l ,  each point being the sum of 
48 accumulations. Zero filling was to 1024-2048 points for 
only the t l  dimension. Both dimensions were apodized with 
an unshifted sine-bell curve before transformation. The 
magnitude relayed COSY spectra (Eich et al., 1982; Wagner, 
1983) were obtained with a relayed transfer delay of 60 ms, 
with 1024 complex points in t ,  and 300-350 t ,  points consisting 
of 128 accumulations each. Processing parameters were 
identical with those for the magnitude COSY experiment. 

RESULTS 
The decamer is a duplex of complementary strands, each 

consisting of 10 nucleotides. The T-bulge decamer consists 
of a 10-nucleotide strand combined with an 11-nucleotide 
strand to form 10 base pairs and an unpaired thymidine. The 
exact sequence and the numbering schemes for the decamer 
and the T-bulge decamer are shown in Figure 1. For the 
T-bulge decamer, the thymidine adjacent to A5 and A6 will 
be referred to as Tb. 

NMR of Imino Resonances. The results of the one-di- 
mensional nuclear Overhauser effect experiment for both the 
decamer and the T-bulge decamer are shown in Figure 2. The 
expected NOE interactions for the imino protons in a standard 
B-form helix are shown schematically in Figure 3. When a 
T(H3) proton is irradiated, there will be a strong NOE to 
A(H2) from the same base pair and NOES will be observed 
to the imino protons from base pairs on the 5' and 3' sides of 
the irradiated proton. Due to the oligo(A).oligo(T) tract in 
our molecules, the excited T(H3) will also give an NOE to 
A(H2) from the A.T base pair on the 5' side. Figure 2 shows 
the NOE difference spectra resulting from excitation of imino 
protons in the central A-T tract. In figure 2, d and h are the 
spectra obtained with off-resonance irradiation for the T-bulge 
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FIGURE 2: IH NMR NOE difference spectra for the T-bulge decamer (spectra a-c) and the decamer (spectra e-g). Spectra d and h are the 
control spectra, without irradiation of any of the resonances, for the T-bulge decamer and decamer, respectively. The spectra are the difference 
between 4000 accumulations without and with irradiation of a resonance. All spectra were taken at 15 "C with a 2 mM duplex sample. 
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FIGURE 3: Schematic of a trinucleotide stack in a B-form DNA helix. 
The stack consists of d(A&d(TJ. The 5' and 3' ends on each strand 
are as labeled. The labeled dashed lines connect the following protons: 
(a) T(H3) protons on adjacent base pairs, (b) T(H3) and A(H2) on 
adjacent base pairs, and (c) T(H3) and A(H2) on the same base pair. 

decamer and the decamer, respectively. Spectra a -c  and e-g 
are the NOE difference spectra between off-resonance and 
on-resonance excitation for the T-bulge decamer and the de- 
camer, respectively. In general, these spectra show the same 
pattern as has been observed previously for A-T tracts (Kin- 
tanar et al., 1987; Sarma et al., 1988; Gupta et al., 1988; 
Katahira et al., 1988), and only unusual observations will be 
presented here. Upon excitation of T16(H3), as shown in 
Figure 2f, the expected NOE is observed to the adjacent imino 
protons, T15(H3) and T17(H3), and to A5(H2) and A6(H2). 
However, an NOE is also observed to A4(H2), which is on 
the A-T base pair on the 3' side. Upon excitation of T15(H3), 
a similar interaction can be observed to the A5(H2) proton, 

shown in spectrum f as a shoulder on the A6(H2) resonance. 
These NOEs in the decamer reflect an unusual structure due 
to the oligo(A).oligo(T) sequence in this molecule. 

The NOES observed upon excitation of the T(H3) protons 
in the T-bulge decamer (spectra a-c) are qualitatively the same 
as those observed for the decamer (spectra e-g). This is a 
particularly significant result for the excitation of T15(H3) 
and T16(H3), as these protons are on base pairs flanking the 
unpaired thymidine. NOEs between protons on A5sT16 and 
A6aT15 (Figure 2, spectra b and c) provide evidence that these 
two base pairs are less than 5 A apart and that the unpaired 
thymidine is extrahelical. This is a qualitative analysis of 
distances between these protons, as the NOES were obtained 
with a 500-ms mixing time and consequently include the effects 
of spin diffusion. 

Temperature Dependence of Imino Resonances. Spectra 
of the imino resonances as a function of temperature are shown 
in Figure 4 for both the decamer and the T-bulge decamer. 
The difference in the imino resonance line widths as a function 
of temperature is due to the difference in melting temperatures 
and melting behavior for the two duplexes. Comparable line 
widths are observed for the T-bulge decamer at 15 OC and the 
decamer at 35 OC or for the T-bulge decamer at  25 OC and 
the decamer at  40 "C. Thus the presence of the unpaired 
thymidine has destabilized the duplex by approximately 15-20 
OC. The order in which specific imino resonances broaden can 
also be compared for the two duplexes. For the decamer, the 
resonances from the terminal imino protons, G1 and G10, are 
observed at  5 O C  and broaden at  higher temperatures. The 
superimposed G 12 and G 19 resonances broaden next, followed 
by the central A-T tract resonances, T14-T17. The last imino 
resonances to broaden are those from G3 and G8, which are 
the only remaining resonances at 5 5  "C (data not shown). 

The order of broadening for the T-bulge decamer is 
somewhat different. The imino resonances due to G 1 and G 10 
are again the first to broaden. The next resonances to broaden, 
however, are the imino resonances for G12 and G19, which 
broaden simultaneously with the imino resonances for T14- 
T17. At a slightly higher temperature, the imino resonances 
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FIGURE 4: Temperature dependence of the imino proton NMR 
spectrum of the T-bulge decamer, left, and the decamer, right. 
Resonance assignments are shown for the spectrum at 15 “C. 

for G3 and G8 broaden. Thus the presence of the unpaired 
thymidine has destabilized the central base pairs relative to 
the terminal base pairs. 

Nonexchangeable Protons. The assignments of the non- 
exchangeable protons have been made by using well-estab- 
lished techniques (Feigon et al., 1982; Hare et al., 1983; Scheek 
et al., 1983; Weiss et al., 1984). Figure 5 shows an expansion 
of the 2D NOESY spectrum of the decamer obtained in D20 
at 25 “C. The cross-peaks in this region result from inter- 
actions between C(H6) and C(H5) protons, aromatic and H1’ 
protons, and aromatic and T(CH3) protons. The cross-peaks 
between C(H6) and C(H5) protons are easily identified by 
their presence in the COSY spectrum (data not shown) and 
are distinguished in Figure 5 by boxed labels. The cross-peak 
pattern of an intranucleotide interaction between H6 or H8 
and H1’ followed by a sequential interaction between H1’ and 
H6 or H8 from the adjacent nucleotide is observed for the 
decamer and is indicated by a dashed line for the 
dGCGAAAAGCG strand and a solid line for the 
dCGCTTTTCGC strand. Cross-peaks labeled with the base 
number are due to intranucleotide interactions. Unlabeled 
cross-peaks connected to labeled ones by solid or dashed lines 
are sequential cross-peaks. Other cross-peaks labeled with 
lowercase letters are identified in the figure caption. 

Figure 6 shows the aromatic-H1’ region and aromatic- 
methyl region for the T-bulge decamer obtained in D 2 0  at  25 
“C. The aromatic-H1’ network is indicated by a dashed line 
for the dGCGAATAAGCG strand and a solid line for the 
dCGCTTTTCGC strand. The same conventions for labeling 
the NOESY spectrum in Figure 5 are used for the spectrum 
of the T-bulge decamer in Figure 6. Also shown in Figures 
5 and 6 are cross-peaks due to interactions with A(H2) pro- 
tons. These are cross-peaks e and g s  for the decamer (Figure 
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FIGURE 5 :  Expansion of the two-dimensional NOESY spectrum of 
the decamer taken at 25 OC. The region shows the H6, H8-H1’, H5 
region and the H6, H8-methyl region. The dashed line follows the 
sequential NOE connectivities for the dGCGAAAAGCG strand in 
the duplex, and the solid line follows the sequential NOE connectivities 
for the dCGCTTTTCGC strand in the duplex. The cross-peaks due 
to intrabase NOES are labeled by base and sequence position. The 
boxed labels are adjacent to C(H6)-C(H5) cross-peaks. The lettered 
cross-peaks can be assigned as follows: (a) G12(H8)-C13(H5), (b) 
GI(H8)-C2(H5), (c) G19(H8)-C20(H5), (d) G8(H8)-C9(H5), (e) 

(h) A7( H2)-T 1 5( H 1 ’), (i) A4(H2)-C 1 8( H 1 ’) , (i) A4( H2)-A5(H 1 ’), 
(k) A4(H2)-A4(H1’), (I) A4(H2)-T17(H1‘), (m) A5(H2)-A5(HI‘), 
(n) A5(H2)-A6(HI’), (p) A6(H2)-A7(H1’), (r) A5(H2)-T17(HI’), 
and (s) A6(H2)-T16(HI’). 

5 )  and cross-peaks f, g, and i-r for the T-bulge decamer 
(Figure 6 ) .  Assignments for these cross-peaks are given in 
the figure captions. 

The H2’ and H2” resonances have also been assigned for 
these two duplexes. The COSY spectrum and NOESY 
spectra obtained with short mixing times (50-100 ms) were 
used to distinguish H2’ and H2” cross-peaks. For all of the 
nucleotides, the H2’ proton resonates upfield from the H2”, 
with the exception of the terminal nucleotide G10, where this 
trend is reversed, and nucleotides C20, G3, and G12, where 
the H2’ and H2” resonances have identical chemical shifts. 
Chemical shifts for the H2’ and H2” resonances were deter- 
mined from the aromatic (H6/H8)-H2’, H2” region of the 
NOESY spectrum, shown in Figure 7. A network similar 
to that observed for H1’ protons is observed for H2’ protons 
(designated by a solid line) and for H2” protons (designated 
by a dashed line). This network is observed for both the 
dGCGAATAAGCG strand (Figure 7a) and for the 
d C G C m C G C  strand (Figure 7b). The assignments of the 
H2’ and H2” resonances were also independently determined 
from the Hl’-H2’, H2” region of the NOESY spectrum. 

Assignments of the H3’ and H4’ resonance were made from 
the Hl’-H3’ and Hl’-H4’ regions of the NOESY spectrum. 
These assignments were independently confirmed by using a 
relayed COSY experiment (Eich et al., 1982; Wagner, 1983) 
to detect Hl’-H3’ cross-peaks. Assignments were also con- 

A7(H2)48(HI’), (f) T17(H6)-C18(H5), (9) A7(H2)-A7(HI’), 
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firmed by the H3’-H4’ cross-peaks in both the COSY and 
NOESY spectra and by H2’, H2”-H3’ and H4’ cross-peaks 
in the NOESY spectrum. 

The chemical shifts at 25 OC for all of the base proton 
resonances for the decamer and the T-bulge decamer are given 
in Table I. The chemical shifts at 25 OC for all the sugar 
proton resonances, excluding H5’ and H5”, are given for both 
duplexes in Table 11. Also calculated in these tables is the 
difference in the chemical shifts for analogous protons in the 
two duplexes. 

Temperature Dependence of Selected Nonexchangeable 
Proton Resonances. The chemical shift versus temperature 
plots for the T(Me) protons from the T-bulge decamer and 
the decamer are shown in Figure 8. The curves for the 
decamer, shown in Figure 8b, indicate an approximate melting 
temperature of 65 OC for the methyl protons, with a possible 
premelting transition at approximately 20-25 OC. The curves 
for the T-bulge decamer, shown in Figure 8a, indicate an 
approximate melting temperature of 50 OC for the methyl 
protons on the dCGCTTTTCGC strand, with a possible 
premelting transition at approximately 15-25 OC. The methyl 
resonance from the dGCGAATAAGCG strand shows non- 
sigmoidal temperature behavior and thus a melting tempera- 
ture is not estimated from this curve. The temperature be- 
havior of the chemical shifts from the Tb(Me) protons in the 
T-bulge decamer is compared to the temperature behavior in 
the dGCGAATAAGCG single strand and shown in Figure 
9. In the single strand, two resonances are observed for the 
Tb methyl protons, represented by X and + in Figure 9. 

Figure 10 shows an expansion of the region around the 
A5-A6 sequential cross-peak for the T-bulge decamer at 
temperatures from 5 to 37 “C. The position for the sequential 
cross-peak between Tb(H1’) and A6(H8), even if not observed, 
is indicated by an arrow. The solid line designates the part 
of the aromatic-Hl’ network that is observable in this ex- 
panded region. 

DISCUSSION 
Evidence for an Extrahelical Conformation. The evidence 

presented under Results indicates that the unpaired thymidine 
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FIGURE 6: Expansion of the two-dimensional NOESY spectrum of 
the T-bulge decamer taken at 25 OC. The region shows the H6, 
H8-H1’, H5 region and the H6, HI-methyl region. The dashed line 
follows the sequential NOE connectivities for the dGCGAATAAGCG 
strand in the duplex, and the solid line follows the sequential N O E  
connectivities for the dCGCTTTTCGC strand in the duplex. The 
cross-peaks due to intrabase NOES are labeled by base and sequence 
position. The boxed labels are adjacent to C(H6)-C(H5) cross-peaks. 
The asterisk labels the cross-peak between A5(H1’)-Tb(H6). The 
lettered cross-peaks are assigned as follows: (a) A5(H8)-Tb(CH,), 

(H5), (e) G8(HS)-C9(H5), (f) A7(H2)-G8(H1’), (9) A7(H2)- 
TlS(Hl’),  (h) T17(H6)-ClS(H5), (i) A4(H2)-C18(H1’), (j) A4- 
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A5( H2)-T 17( H 1 ’), (n) A6(H2)-A6( H 1 ’), (p) A6(H2)-A7(H 1 ’), and 
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FIGURE 7: Expansion of the two-dimensional NOESY spectrum of the T-bulge decamer taken at 25 OC. The region shows the H6, H8-H2’, 
H2” region. In spectrum a, the solid line follows the aromatic-H2’ NOE network and the dashed line follows the aromatieH2” NOE network 
for the dGCGAATAAGCG strand in the duplex. In spectrum b, the same convention is used for the dCGCTTTTCGC strand. The chemical 
shifts of the H8 and H6 protons are indicated along the x-axis. 
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FIGURE 10: Expansion of the two-dimensional NOESY spectrum of 
the T-bulge decamer taken at different temperatures. The solid line 
shows the sequential NOE connectivities for A4-A7. The arrow 
indicates the position for the Tb(H1’)-A6(H8) cross-peak. 

(H2”) and Tb(H6) or between Tb(H2’ or H2”) and A6(H8), 
and only a weak cross-peak is observed between A5(H2’) and 
Tb(H6). These cross-peaks should be observed if the thymidine 
were intrahelical. Two cross-peaks involving A(H2) protons 
also provide evidence for the unpaired thymidine being ex- 
trahelical, the cross-peak between A5(H2) and A6(H1’) (la- 
beled 1 in Figure 6) and the cross-peak between A6(H2) and 
T16(H1’) (labeled r in Figure 6). Additional evidence con- 
firming the extrahelical conformation is also obtained from 
cross-peaks in the aromatic-aromatic region of the spectrum 
(data not shown). A cross-peak is observed from A5(H2) to 
A6(H2) and from A5(H8) to A6(H8). All of the cross-peaks 
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Table I: Comparison of the Base Proton Chemical Shifts for the Decamer and the T-bulge Decamef 
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H8 H2 H6 HS/CH, hi/h3 
deca- T-bulge deca- T-bulge deca- T-bulge deca- T-bulge deca- T-bulge 

GI 7.93 7.94 -0.01 13.00 13.00 0.00 
c2 7.33 7.34 -0.01 5.35 5.33 0.02 
G3 7.85 7.87 -0.02 12.79 12.86 -0.07 
A4 8.10 8.11 -0.01 7.23 7.39 -0.16 
A5 8.04 8.07 -0.03 7.02 7.23 -0.21 
Tb 7.44 1.77 
A6 7.99 7.81 0.18 7.05 7.08 -0.03 
A7 7.91 8.02 -0.11 7.46 7.57 -0.11 
G8 7.47 7.52 -0.05 12.87 12.88 -0.01 
c9 7.22 7.25 -0.03 5.21 5.22 -0.01 
GI0  7.91 7.91 0.00 12.97 12.97 0.00 
CI 1 7.59 7.61 -0.02 5.86 5.86 0.00 
GI2 7.97 7.97 0.00 13.06 13.08 -0.02 
c13 7.50 7.50 0.00 5.42 5.40 0.02 
TI4  7.49 7.51 -0.02 1.63 1.64 -0.01 14.39 14.41 -0.02 
TI 5 7.51 7.52 -0.01 1.66 1.71 -0.05 14.08 13.77 0.31 
TI6 7.50 7.48 0.02 1.65 1.68 -0.03 13.96 13.42 0.54 
TI7 7.41 7.47 -0.06 1.65 1.69 -0.04 13.77 13.87 -0.10 
C18 7.47 7.53 -0.06 5.68 5.71 -0.03 
G19 7.89 7.89 0.00 13.05 13.09 -0.04 
c20 7.35 7.37 -0.02 5.29 5.29 0.00 

"AI1 of the chemical shifts are reported at 25 OC with the exception of the H1/H3 shifts, which are at 15 O C .  All are reported relative to TSP. 

residue mer decamer Abb mer decamer Ab mer decamer Ab mer decamer Ab mer decamer Ab 

bA6 = b(decamer) - b(T-bulge decamer), Ab 1 k0.l ppm are shown in italic type. 

Table 11: Comparison of the Deoxyribose Proton Chemical Shifts for the Decamer and the T-bulge Decamer at 25 O c a  

H1' H2' H2" H3' H4' 
deca- T-bulge deca- T-bulge deca- T-bulge deca- T-bulge deca- T-bulge 

residue mer decamer Abb mer decamer Ab mer decamer A6 mer decamer Ab mer decamer Ab 
G1 5.94 5.96 -0.02 2.58 2.61 -0.03 2.76 2.78 
C2 5.64 5.67 -0.03 1.93 1.93 0.00 2.30 2.31 
G3 5.35 5.28 0.07 2.68 2.67 0.01 2.68 2.67 
A4 5.85 5.89 -0.04 2.64 2.65 -0.01 2.85 2.81 
A5 5.79 6.02 -0.23 2.57 2.67 -0.10 2.83 2.73 
Tb 6.13 2.31 2.43 
A6 5.87 5.83 0.04 2.53 2.39 0.14 2.87 2.70 
A7 5.95 5.99 -0.04 2.51 2.60 -0.09 2.83 2.86 
G8 5.69 5.71 -0.02 2.37 2.39 -0.02 2.58 2.61 
C9 5.72 5.76 -0.04 1.86 1.86 0.00 2.31 2.32 
G I 0  6.16 6.16 0.00 2.62 2.64 -0.02 2.39 2.39 
C11 5.75 5.77 -0.02 1.90 1.91 -0.01 2.41 2.41 
GI2  5.92 5.93 -0.01 2.73 2.75 -0.02 2.73 2.75 
C13 6.04 6.05 -0.01 2.17 2.16 0.01 2.57 2.58 
TI4  6.12 6.18 -0.06 2.21 2.22 -0.01 2.65 2.65 

TI6  6.14 6.12 0.02 2.21 2.21 0.00 2.67 2.63 
TI7 6.09 6.09 0.00 2.17 2.19 -0.02 2.55 2.51 
C18 5.61 5.57 0.04 2.07 2.12 -0.05 2.39 2.43 
G19 5.93 5.94 -0.01 2.61 2.60 0.01 2.71 2.75 
C20 6.14 6.15 -0.01 2.20 2.20 0.00 2.20 2.19 

TI5  6.19 6.20 -0.01 2.25 2.24 0.01 2.69 2.66 

-0.02 
-0.01 

0.01 
0.04 
0.10 

0.17 
-0.03 
-0.03 
-0.01 

0.00 
0.00 

-0.02 
-0.01 
0.00 
0.03 
0.04 
0.04 

-0.04 
-0.04 
0.01 

4.85 4.86 -0.01 4.25 4.27 
4.84 4.86 -0.02 4.13 4.15 
4.99 4.98 0.01 4.29 4.29 
5.05 5.05 0.00 4.41 4.41 
5.04 5.09 -0.05 4.43 4.42 

4.85 4.25 
5.03 4.91 0.12 4.43 4.44 
5.01 5.01 0.00 4.41 4.43 
4.92 4.93 -0.01 4.36 4.37 
4.80 4.83 -0.03 4.15 4.17 
4.68 4.68 0.00 4.19 4.20 
4.70 4.71 -0.01 4.08 4.09 
5.01 4.99 0.02 4.39 4.38 
4.79 4.78 0.01 4.31 4.31 
4.91 4.93 -0.02 4.27 4.21 
4.93 4.92 0.01 4.25 4.27 
4.93 4.90 0.03 4.25 4.28 
4.92 4.93 -0.01 4.20 4.21 
4.87 4.87 0.00 4.14 4.16 
4.99 4.99 0.00 4.36 4.37 
4.49 4.50 -0.01 4.03 4.03 

-0.02 
-0.02 
0.00 
0.00 
0.01 

-0.01 
-0.02 
-0.01 
-0.02 
-0.01 
-0.01 
0.01 
0.00 
0.06 

-0.02 
-0.03 
-0.01 
-0.02 
-0.01 
0.00 

"All chemical shifts are relative to TSP. bAb = b(decamer) - b(T-bulge decamer), Ab 2 f O . l  ppm are shown in italic type. 

discussed above are due to interactions between the base pairs 
on either side of the unpaired thymidine and thus confirm that 
the flanking base pairs must be stacked and the unpaired 
thymidine is extrahelical. 

Temperature Behavior of Extrahelical Conformation. In 
solution there is always an equilibrium between the duplex (or 
multiple duplex forms) and the single strands. This equilib- 
rium is shifted as a function of temperature. This equilibrium 
has been monitored by observing chemical shifts as a function 
of temperature for the methyl protons on the thymidines in 
the two duplexes (Figure 8). The melting temperature for 
these protons is approximately 65 "C for the decamer and 50 
"C for the T-bulge decamer. Thus the unpaired thymidine 
has lowered the melting temperature by approximately 15 "C, 
indicating a destabilized duplex. Both duplexes have a pre- 
melting transition in approximately the same temperature 
range. It is not clear what causes this premelting transition. 

However, the transition is probably not due to a differential 
melting of regions of the duplex because all of the imino 
resonances, with the exception of those from the terminal G C  
base pairs, are observed up to the melting transition (see Figure 
4) * 

Also evident in Figure 8a is the unique behavior of the 
methyl protons from the unpaired thymidine. The chemical 
shift at low temperature is similar to the shift for the other 
methyl resonances at  high temperature, and thus it can be 
implied that this unpaired thymidine is in a single-stranded 
environment at  low temperature. As the temperature in- 
creases, the chemical shift moves upfield until it reaches a 
minimum at 45-50 "C. The change in chemical shift from 
0 to 45 "C is greater than 0.2 ppm. Similar melting curves 
have been observed for the H5 resonance from an unpaired 
cytosine (Kalnik at al., 1989b) and for the methyl resonances 
from an unpaired thymidine (Kalnik et al., 1990). The unusual 
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behavior was attributed to the unpaired base being extrahelical 
at  low temperature and then stacking between two adjacent 
purines at higher temperatures. To test this explanation for 
our duplex, we have monitored the temperature dependence 
of the chemical shifts for the single strands. The melting 
behavior of the chemical shifts from the methyl protons in the 
duplex compared to the single strand is shown in Figure 9. In 
the single strand, two methyl resonances are observed whose 
relative intensities change as a function of temperature. The 
methyl resonance that is furthest upfield is the most intense 
at 2 “C and gradually decreases in intensity while the down- 
field resonance increases in intensity. The upfield methyl 
resonance completely disappears by 30 OC. Preliminary studies 
on the dGCGAATAAGCG single strand in 90% H 2 0  show 
four imino resonances (two G-C, one AmT, and one GeA) at  
temperatures below 27 OC, indicating that the single strand 
exists in equilibrium with a homoduplex form. UV absorption 
studies show a very strong concentration dependence of the 
secondary structure formation, thus indicating that the com- 
plex is bimolecular in nature and therefore is not a hairpin. 
From these studies in H,O and studies by Roy et al. (1986), 
we conclude that the upfield methyl resonance is due to a 
homoduplex form of the single strand. The resonance rep- 
resented by X in Figure 9 is most likely due to the single 
strand, and thus the unpaired thymidine in the duplex (A) has 
a chemical shift very close to that in the single strand for the 
entire temperature range. This would imply that the unpaired 
thymidine remains unstacked at all temperatures. 

Additional evidence that the thymidine is extrahelical is the 
observed sequential cross-peak between A5(HI’) and A6(H8) 
and the lack of a sequential cross-peak between Tb(H1’) and 
A6(H8). These two interactions were monitored from 5 to 
45 OC (Figure 10). The sequential cross-peak between A5 and 
A6 is observed at 5-35 OC, whereas the sequential cross-peak 
between Tb and A6 is not significantly above the noise at  any 
temperature monitored. The relative intensity of the A5 in- 
tranucleotide and the A5-A6 sequential cross-peaks remains 
constant for all of these temperatures, although both cross- 
peaks decrease in  intensity with increasing temperature. At 
temperatures above 35 OC, the sequential cross-peak between 
AS(H1’) and A6(H8) disappears. This temperature is not far 
from the melting temperature, and thus it is not surprising that 
the intensity of cross-peaks in the NOESY spectrum would 
decrease. Other cross-peaks that were previously discussed 
as being evidence for the unpaired thymidine being extrahelical 
were also observed in the temperature-dependent NOESY 
spectra. The cross-peak from A5(H2) to A6(H2) was ob- 
served at 5-35 OC. The cross-peak from A5(H8) to A6(H8) 
was observed at 15-25 OC, is a weak cross-peak at 35 OC, and 
is difficult to assign at 5 “C because of overlapping resonances. 
Thus the evidence supports the unpaired thymidine being 
extrahelical from 5 to 35 OC. 

The imino resonances broaden and disappear at a temper- 
ature below the melting temperature (Figure 4). A comparison 
of line widths can provide insight into the relative stabilities 
of base pairs in different molecules. The T-bulge decamer at  
15 and 25 OC has comparable line widths to those found in 
the decamer at  35 and 40 OC. Thus the T-bulge decamer 
double strand is destabilized by 15-20 OC relative to the de- 
camer double strand. This confirms the results from the 
melting curves of the methyl chemical shifts that were dis- 
cussed previously. For many sequences, this line-broadening 
phenomenon starts from the ends of the duplex and progresses 
toward the center of the molecule as the temperature is in- 
creased, However, it has also been shown that the broadening 
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can be sequence dependent and that the order of broadening 
is not necessarily indicative of location in the molecule (Pate1 
et al., 1983). The relative order of broadening between the 
two duplexes is slightly different. For both duplexes, the imino 
resonances from the ends of the molecule broaden first, the 
oligo A.T core broadens next, and the G3 and G8 imino 
resonances are the last to broaden. However, in the T-bulge 
decamer the oligo A-T core is destabilized relative to the rest 
of the molecule, as shown by the broadening of resonances 
from the oligo A-T core simultaneously with the G18 and G12 
imino resonances. 

Evidence for Unusual A.T Tract Structure. Tracts of A.T 
base pairs have been shown, among other properties, to have 
a high ( > I S 0 )  propeller twist (Nelson et al., 1987; Coll et al., 
1987; Yoon et al., 1988), to have NOESY cross-peaks not 
found in other B-form sequences (Kintanar et al., 1987; Roy 
et al., 1987a; Katahira et al., 1988; Sarma et al., 1988; Gupta 
et al., 1988; Celda et al., 1989; Nadeau & Crothers, 1989), 
and to exhibit unusual hydrogen exchange phenomena (Leroy 
et al., 1988). Both Leroy et al. (1988) and Nadeau and 
Crothers (1 989) conclude that these unusual structures exist 
for runs of oligo(A).oligo(T) that contain four or more A.T 
base pairs. 

The NOESY cross-peaks that characterize the A.T tract 
involve interactions with the A(H2) protons. These cross-peaks 
are shown for the decamer in Figure 5 and can be classified 
in three categories: ( I )  cross-peaks between the H2 and HI’ 
protons on the same nucleotide, as demonstrated by cross-peak 
g for the A7 nucleotide, (2) cross-peaks between H2 protons 
and the H1’ on the same strand but on the nucleotide in the 
3’ direction, such as cross-peak e in Figure 5 between A7(H2) 
and G8(H1’), and (3) cross-peaks due to a diagonal interaction 
between A(H2) and the H1’ belonging to the nucleotide ad- 
jacent (in the 3’ direction) to the complementary T, as dem- 
onstrated by cross-peak h between A7(H2) and T15(H1’). 
Similar cross-peaks involving interactions with A4(H2), A5- 
(H2), and A6(H2) were observed and are shown in Figure 5. 

The T-bulge decamer also shows NOES involving A(H2) 
protons that are characteristic of A-T tracts. These cross-peaks 
are shown in Figure 6; examples are cross-peak n, due to an 
interaction within the same nucleotide, cross-peak p, due to 
interaction within the same strand, and cross-peak r, due to 
diagonal interstrand interaction. Also present in Figure 6 is 
cross-peak k, which is between A4(H2) and T17(H1’); this 
is an interaction across the duplex but within the same base 
pair. An analogous cross-peak is observed for the decamer 
(cross-peak 1, Figure 5 ) ,  and a similar cross-peak has been 
observed by Katahira et al. (1988) for the terminal A.T base 
pair on the 3’ side of the tract. This “unusual” cross-peak has 
been associated with a structural discontinuity at the junction 
of the A-T tract. For the decamer and the T-bulge decamer, 
this cross-peak is observed at the 5’ end of the tract. 

We have obtained NOE data for the T-bulge decamer at 
several mixing times: 25, 50,75, 100, and 200 ms. These data 
have not yet been analyzed quantitatively to obtain distances. 
The following qualitative analysis was made on the basis of 
the relative intensities of cross-peaks at  the different mixing 
times, with the exclusion of the 25-ms data, which were too 
noisy to provide any significant data. The strongest of the 
interstrand A(H2) cross-peaks in the T-bulge decamer is 
between A7(H2) and T15(H’) (cross-peak g in Figure 6), 
which is visible at mixing times of 50-200 ms. The cross-peak 
between A5(H2) and T17(H1’) is visible at 75-200 ms. The 
cross-peak between A4(H2) and T18(H1’) is visible at  100 
and 200 ms, and the weakest cross-peak, between A6(H2) and 
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T16(H1’), is only visible at  200 ms. With the exception of 
the interaction for A6(H2), this is in agreement with previous 
results supporting a narrowing of the minor groove from the 
5’ to 3’ direction along the dA tract (Katahira et al., 1990). 
The anomaly at the A6 position is probably due to the adjacent 
unpaired thymidine. 

Structural Consequences of the Unpaired Thymidine. From 
the imino resonance broadening and the melting temperatures 
derived from the methyl resonances, it is evident that the 
unpaired thymidine has caused an overall destabilization of 
the duplex. The imino resonances indicate more specifically 
that this destabilization is localized in the oligo(A.T) core of 
the molecule. Evidence for localized structural changes in the 
T-bulge decamer is also seen in a comparison of the chemical 
shifts for the two duplexes (Table I). Chemical shift changes 
greater than 0.1 ppm occur for protons that are on adenines 
adjacent to or one base pair removed from the unpaired thy- 
midine, for example, the H8 protons on A6 and A7 and the 
H2 protons on A4, A5, and A7. There are also large changes 
in the shifts for Hl’, H2’, and H2” of A5 and H2’, H2”, and 
H3’ of A6 (Table 11). There are sizable changes in the 
chemical shifts of the exchangeable H3 protons (Table I), with 
the most significant differences observed for T15(H3) and 
T16(H3), the thymidines adjacent to the perturbation. In 
contrast, the chemical shift changes for the nonexchangeable 
protons on the dCGCTTTTCGC strand are minimal. This 
observation is difficult to interpret, as it could indicate that 
there are no structural changes for the dCGCTTTTCGC 
strand or that they are not reflected in the chemical shifts, 
perhaps due to minimal ring-current shifts from the run of 
thymidines. 

Evidence for a perturbed A-T tract in the T-bulge decamer 
is obtained from the chemical shifts of the imino resonances. 
Nadeau and Crothers (1 989) observed a trend for the chemical 
shifts of the imino resonances in the A-T tracts where the imino 
resonance from the 5’-most thymidine is the furthest downfield 
and the chemical shifts progressively move upfield, going from 
the 5’-most to the 3’-most thymidine imino resonance. This 
trend in chemical shifts is observed for the decamer (Figures 
2h and 4); however, it is disrupted in the T-bulge decamer 
(Figures 2d and 4). 

Several cross-peaks involve interactions with the Tb protons 
and are consistent with the unpaired thymidine being intra- 
helical. This would imply that there is a rapid equilibrium 
between the extrahelical and intrahelical conformation. An 
estimate of the relative populations of these conformations can 
be made by comparing intensities from slices of the NOESY 
spectrum shown in Figure 6. For example, comparing the 
intensity of the Tb(H1’)-A6(H8) cross-peak, which is just 
above the noise level, with the A5(Hl’)-A6(H8) cross-peak 
results in a minimum of 85% in the extrahelical conformation. 
Comparing the intensity of the A5(H1’)-Tb(H6) cross-peak 
(designated with an asterisk in Figure 6) with the A5- 
(Hl’)-A6(H8) cross-peak results in a minimum of 65% in the 
extrahelical conformation. Similar estimates are obtained by 
analyzing data from the aromatic-H2’, H2” region of the 
NOESY spectrum. We believe the value of 65% is a lower 
limit for the extrahelical conformation because preliminary 
modeling studies in our laboratory indicate it is possible to 
build a helix with the extrahelical thymidine situated in the 
minor groove, allowing for an NOE between A5(H1’) and 
Tb(H6). That an extrahelical base could lie in the groove of 
the DNA and thus in close proximity to one of the neighboring 
nucleotides has been demonstrated by Joshua-Tor et al. (1988) 
and Miller et al. (1988) by use of X-ray crystallography. 
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For the duplexes containing an unpaired pyrimidine that 
were studied by Kalnik et al. (1989b, 1990), the intrahelical 
population was proposed to increase with temperature. If this 
occurs in the T-bulge decamer, then cross-peaks attributed to 
the intrahelical conformation should increase in intensity at 
higher temperatures. This is observed for the cross-peak be- 
tween Tb(H6) and A5(H2”), which is observed only at 35 and 
37 “C. However, the cross-peak observed between Tb(Me) 
and A5(H8) (peak a in Figure 6) is observed at 15-32 “C and 
disappears at  temperatures above 32 OC. In addition, a weak 
cross-peak is observed between A5(H1’) and Tb(H2’) at 15 
“C; however, it is not observed at  any other temperature. 

Comparison with Other Oligonucleotides Containing Un- 
paired Bases. The crystallographic studies (Joshua-Tor et al., 
1988; Miller et al., 1988) are the only results thus far to show 
that an unpaired purine can exist in an extrahelical confor- 
mation. There have been several solution studies on unpaired 
adenines (Pate1 et al., 1982; Hare et al., 1986; Woodson & 
Crothers, 1987, 1989; Roy et al., 1987b; Kalnik et al., 1989a; 
Nikonowicz et al., 1989) and guanines (Woodson & Crothers, 
1988a,b) where the base was found to be intrahelical. It has 
been hypothesized that the difference in conformation may 
be due to forces that are present in the condensed phase from 
which the crystallography results are derived. 

There have also been several studies on duplexes containing 
unpaired pyrimidines. These investigations have all been in 
solution, and both the extrahelical and intrahelical confor- 
mations have been observed. Van den Hoogen et al. (1988) 
found for the sequence d(CTGGTGCGG)-d(CCGCCCAG) 
that the unpaired thymidine was intrahelical. One of their 
most compelling pieces of evidence is the observation of the 
imino resonance from the unpaired thymidine, which suggests 
a protected environment for this otherwise labile proton. We 
do not see an analogous resonance for the T-bulge decamer; 
however, observation of this resonance is probably pH de- 
pendent, and the experiments presented here were restricted 
to pH 7. In another study by Morden et al. (1983) on the 
sequence d(CAAACAAAG).d(CTTTTTTG), the extra cy- 
tosine was found to be extrahelical. Results from Kalnik et 
al. (1989b) on the sequence d(CCGCGAATTCCGG), found 
the unpaired cytosines to be extrahelical at low temperature 
and intrahelical closer to the melting temperature. Similar 
results were found for an unpaired thymidine in the sequence 
of d(CCGTGAATTCCGG)* (Kalnik et al., 1990). Thus, it 
has been shown in solution that an unpaired pyrimidine can 
exist in either an intrahelical or extrahelical conformation. 
What are the factors that determine the dominant confor- 
mation in solution? One of the factors that influences the 
structure of an unpaired base is the sequence of the flanking 
base pairs. In the T-bulge decamer, the unpaired thymidine 
is in the center of an A.T tract. This A.T tract has an unusual 
structure in both the decamer and the T-bulge decamer. It 
is interesting to note that the other exclusively extrahelical base 
was also in an A-T tract (Morden et al., 1983). 

What is the balance of forces that decides whether the 
unpaired base is extrahelical or intrahelical? The intrahelical 
conformation of the unpaired base would be stabilized by the 
hydrophobic effect and by the two stacking interactions of the 
unpaired base with each of the flanking base pairs. The ex- 
trahelical conformation would be stabilized by the stacking 
interaction between the flanking base pairs and perhaps by 
a favorable entropy term due to the conformational freedom 
of the unstacked thymidine. For the base sequence in the 
oligonucleotide studied here, the intrahelical conformation has 
an A-T and a T-A stacking interaction, compared to an A-A 
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stack in the extrahelical conformation. The extrahelical 
conformation also has the additional stabilization of the oli- 
go(A.T) stack, which only occurs in runs of at least four A-T 
base pairs. There will also be a contribution from the solvent 
and counterion binding; however, it is not clear how these act 
on the two conformations. Our evidence indicates that for the 
T-bulge decamer the extrahelical conformation dominates. 
Perhaps this can be understood in that several of the factors 
that stabilize the intrahelical conformation are very weak. 
Thymine is the least hydrophobic of the four bases, thus being 
the least destabilizing in the extrahelical conformation. The 
A-T and the A-A stack are moderately good; however, the T-A 
stack is the poorest of all the base-stacking interactions 
(Orenstein et al., 1978; Gotoh & Takashira, 1981), thus 
gaining little for the intrahelical conformation. 

CONCLUSIONS 

The unpaired thymidine in the T-bulge decamer has been 
shown to be extrahelical at all temperatures below the melting 
temperature. The exact nature of how the extrahelical thy- 
midine is accommodated in the duplex is not known; however, 
the flanking A.T base pairs form a B-form-like stack. Several 
additional NOES are observed between the unpaired base and 
the flanking base pairs that may be useful in determining the 
position of the thymidine. 

It is evident, from comparing all the duplexes that contain 
unpaired pyrimidines, that the neighboring sequence has major 
influence on the conformation of the unpaired base. The 
duplex presented in this paper has the unpaired base in an 
oligo(A0T) tract, and the ability of this sequence to form a 
unique structure is part of the inducement for the unpaired 
thymidine being extrahelical. However, the structure of any 
duplex is determined by a delicate balance of many forces, and 
the type of base that is in the unpaired location will also be 
a factor. Preliminary results from our laboratory on the 
analogous sequences containing an unpaired cytosine and an 
unpaired guanine indicate that these bases are extrahelical and 
intrahelical, respectively. Clearly, more sequences need to be 
investigated in order to determine how these sequence-de- 
pendent forces contribute to the final structure of the duplex. 
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ABSTRACT: Assignment of the ‘H and 31P N M R  spectra of a tandem G.A mismatched base pair decamer 
oligodeoxyribonucleotide duplex, d(CCAAGATTGG)2, has been made by two-dimensional ‘H-lH and 
heteronuclear 31P-1H correlated spectroscopy. Unusual downfield 31P resonances have been assigned by 
a pure absorption phase constant-time heteronuclear 31P-1H correlated spectrum to be associated with the 
phosphates on the 5’- and 3’-sides of the mismatched guanosine residue. JH3J-p coupling constants for each 
of the phosphates of the decamer were obtained from the 1H-31P J-resolved selective proton-flip 2D spectrum. 
The two most downfield-shifted 31P resonances each appear to consist of two overlapping signals that can 
be resolved into two distinct doublets with different coupling constants in the J-resolved spectrum. This 
as well as the temperature dependence of the 31P spectra demonstrates that two distinct conformations exist 
a t  lower temperatures. By use of a modified Karplus relationship, the C4’-C3’-03’-P torsional angles (e) 
were obtained. A linear correlation between 31P chemical shifts and the measured coupling constants is 
quite good (only when the larger set of coupling constants of the two most downfield 31P signals is included). 
The 31P chemical shifts as well as the measured coupling constants tend to follow the positional variation 
seen in other duplexes of interior phosphates resonating more upfield than terminal residues and of interior 
phosphates exhibiting smaller coupling constants; however, this pattern is disrupted at the site of the mismatch. 
Modeling and initial NOESY distance restrained molecular mechanics energy minimization and restrained 
molecular dynamics support previous observations that the mismatched guanine and adenine bases are both 
in anti conformations. Most significantly, the t backbone torsional angle variaions calculated from the 
NOESY distance restrained structures are in agreement with both the crystal structure values and the 
measured JH3t-p coupling constants. 

x e  formation of base pair mismatches in DNA and the 
associated problems during replication, transcription, and gene 
activation if left unrepaired are current topics of concern 
(Modrich, 1987; Radman & Wagner, 1986). Their recog- 
nition and efficiencies of repair have been studied in bacteria 
(Fazakerley et al., 1986; Lu et al., 1984; Radman & Wagner, 
1984), the latter having been found to be sequence dependent. 
Both X-ray crystallography and NMR spectroscopy have been 
used to probe the structural anomalies of mismatched base 
pairs (Brown et al., 1986; Dodgson & Wells, 1977a,b; Hare 
et al., 1986a; Kan et al., 1983; Kouchakdjian et al., 1988; Patel 
et al., 1984a,b; Prive et al., 1987). One of the first nonstandard 
types of base pairs to be structurally investigated in solution 
was the naturally occurring purine-pyrimidine base pair G-U 
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found in tRNA (Hare & Reid, 1979; Johnston & Redfield, 
1978). This G-U base pair was shown to be in a “wobble”-type 
pairing scheme. Later, Patel et al. examined the dynamics 
of the imino protons of four pseudo-self-complementary do- 
decamers containing pairs of well-separated mismatches of the 
types G.T, G-A, A-C, and T.C derived from d- 
(CGX,GAATTCX,CG),, where X I  and X2 are the mis- 
matched pair (Patel et al., 1984c, 1982a,b). The G.T was 
demonstrated to be wobble base paired; the G.A formed an 
anti-anti base-paired scheme through the adenine NH2/N3 
and guanine 06/NH1.  

X-ray crystallography has also proved to be a useful tool 
for the elucidation of the structure of deoxyoligonucleotides, 
although crystal results are not always in good agreement with 
solution-state results (Joshua-Tor et al., 1988; Nikonowicz et 
al. 1990). The purine-purine mismatch G.A has been crys- 
tallized in two different sequences: the dodecamer d- 
(CGCGAATTAGCG), (Brown et al., 1986) and the decamer 
d(CCAAGATTGG)* (Prive et al., 1987). In the former case, 
the mismatch was determined to be in a Ganti-ASyn confor- 
mation and in the latter molecule the conformation was found 
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