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Abstract: The solution structure of the hybrid RNA-DNA octamer (rA)8-(dT)8 has been determined by nuclear magnetic 
resonance and laser Raman spectroscopy. The nuclear Overhauser effects resulting from irradiation of thymidine imino protons 
indicate a duplex structure with conventional Watson-Crick base pairs. The combined results from NMR and Raman spectra 
are consistent with different nucleotide backbone geometries in (rA)8 and (dT)8 strands. Nucleotide residues of the riboadenylate 
strand exhibit C3' endo sugar pucker and phosphodiester conformation similar to that of aqueous RNA (the so-called "A-form" 
geometry), while residues of the thymidylate strand exhibit C2' endo sugar pucker and phosphodiester conformation similar 
to that of aqueous DNA ("B-form" geometry). The solution structure of the hybrid octamer is therefore similar to that proposed 
previously for poly(rA)-poly(dT) on the basis of fiber X-ray diffraction1 and solution spectroscopic studies.2-6 In the model 
developed here for (rA)8-(dT)8, the distance between the C8-H proton and the phosphoester 05 ' atom of each adenylate residue 
is 2.2 A, which is sufficient for an intranucleotide C8-H—05' hydrogen bond. The presence of intranucleotide C8-H—05' 
hydrogen bonds in (rA)„-(dT)„ solution structures would explain the previously reported resistance of adenine C8-H protons 
of poly(rA)-po!y(dT) to deuterium isotope exchange in D2O solution.5 

Fiber X-ray diffraction and 31P NMR studies of poly(rA)-
poly(dT) provide evidence of an unusual secondary structure for 
the hybrid nucleic acid at conditions of high relative humidity.1,2 

The fiber X-ray diffraction pattern was found to be consistent 
with a model containing C3' endo ribosyl ring pucker for rA, and 
C3' exo deoxyribosyl ring pucker (similar to C2' endo pucker) 
for dT, i.e., an A-like conformation in the rA strand and a B-like 
conformation in the dT strand. This conclusion has been reinforced 
by Raman spectroscopy of poly(rA)-poly(dT) in independently 
published work of Thomas et al.3 and Katahira et al.4 The Raman 
spectra also show that the different sugar puckers of rA and dT 
in the fibers are maintained for poly(rA)-poly(dT) in aqueous 
solution. 

The absence of a B-like conformation for the rA strand of 
aqueous poly(rA)-poly(dT) is further supported by hydrogen 
isotope exchange studies, which reveal extraordinary retardation 
of deuterium exchange of the adenine C8-H group. The kinetics 
of adenine C8-H exchange in poly(rA)-poly(dT) is several orders 
of magnitude slower than that observed in the mononucleotide.5 

Such extraordinary retardation of purine C8-H exchange does 
not occur for B-DNA secondary structures, which typically exhibit 
2-fold retardation vis-a-vis mononucleotides; nor does it occur for 
duplex A RNA secondary structures, which exhibit 8-fold re
tardation. However, retardation factors greater than several 
hundred-fold do occur for secondary structures in which solvent 
access to the purine N7-C8 locus is severely restricted.6 For 
example, retardation is greater than 200-fold for multistranded 
structures in which the third or fourth strand donates hydrogen 
bonds to purine N7 acceptors, through Hoogsteen base pairing. 
In apparent contradiction to the X-ray,131P NMR,2 Raman,3"5 

and isotope-exchange studies,6 Gupta and co-workers7 have in
terpreted NMR-NOE spectra of aqueous poly(rA)-poly(dT) as 
evidence for a uniform B-like structure in both the rA and dT 
strands and have argued specifically against the occurrence of C3' 
endo pucker of rA in the solution structure of this RNA-DNA 
hybrid. 
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and NSF (U.S-Japan 1NT83-11189). 
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In order to provide a definitive resolution of the (rA)n-(dT)„ 
solution structure, and to gain additional insight into the structural 
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basis for the extraordinary retardation of adenine C8-H exchange 
in the polymer, we have examined both the NMR spectra and 
the Raman spectra of the hybrid octamer (rA)8-(dT)8. This 
octanucelotide analogue of poly(rA)-poly(dT) offers advantages 
for NMR spectroscopy of narrower line width and improved 
resolution to assess the conformational features in detail. Nu
cleoside sugar pucker and phosphodiester geometry of the octamer 
duplex can also be conveniently categorized by Raman spec
troscopy. Apart from possible end effects, the conformation of 
(rA)8-(dT)8 is expected to be the same as that of the corresponding 
polynucleotide. The present results are of interest both for the 
importance of hybrid RNA-DNA structures as models for tran
scription and replication and for the possible contribution of 
hydrogen-bonding interactions at the purine N7-C8 locus toward 
stabilization of hybrid nucleic acid structures in solution. 

The present results are relevant to the hydrogen isotope ex
change properties of (rA)-(dT) structures in particular and may 
also be relevant to other ribosylpurine-deoxyribosylpyrimidine 
complexes. The extraordinarily slow deuterium exchange of C8-H 
groups observed for rA residues of poly(rA)-poly(dT) has suggested 
an unusual intranucleotide hydrogen bond involving the adenine 
C8-H group as donor.5 The NOE difference spectra resulting 
from irradiation of thymidine imino protons demonstrate Wat
son-Crick base pairing in (rA)8-(dT)8 and rule out unconventional 
base pairs of the Hoogsteen type. The present results therefore 
provide indirect confirmation of the proposed C8-H donor in
teraction as the source of retardation of C8-H exchange. 

Materials and Methods 

The octa(ribo)nueleotide (rA)8 synthesized as reported elsewhere,35 

and the octa(deoxyribo)nucleotide (dT)8 purchased from Pharmacia, 
were dissolved in 0.01 M NaCI at pH 7 and mixed in equimolar ratio by 
using known extinction coefficients of poly(rA) and poIy(dT). The 
complex was lyophilized and stored for subsequent use. For the mea
surement of Raman spectra, lyophilized samples were dissolved to a 
concentration in the range 5-15 mM in 0.1 M NaCl solution (pH 7) and 
sealed in glass capillaries. Raman spectra were recorded at laboratories 
both in Japan (Institute for Protein Research) and the United States 
(Southeastern Massachusetts University and University of Missouri— 
Kansas City). In the Japan laboratory, the spectra were excited by using 
approximately 300 mW of 514.5-nm radiation from a Spectra-Physics 
164 Ar+ laser and the data were collected on a JEOL JRS-400D spec
trophotometer, interfaced with a NEC PC-9800 personal computer for 
data processing. In the U.S. laboratories, 300 mW of 514.5-nm excita
tion was provided by a Coherent Innova-70 Ar+ laser and the spectra 
were collected on a Spex Ramalog spectrometer under the control of a 
North Star Horizon-II microcomputer. 

We measured the temperature dependence of the ultraviolet absorp
tion (UV) spectra of (rA)8-(dT)8 in the same buffers employed for NMR 
and Raman measurements. The results indicated a median melting 
temperature (7"m) above 10 0C, at the solute concentration of 0.05 mM 
employed for UV spectroscopy. A somewhat higher Tm is expected at 
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Figure 1. Raman spectrum in the regions 550-950 and 1150-1550 cm"' 
of (rA)8-(dT)8 in H2O solution at pH 7 and 2 0C. 

the higher solute concentrations employed for NMR and Raman spec
troscopy. Indeed, we observed imino proton peaks by NMR, which 
assured base pairing at 15 0C for 3.5 mM solutions. Raman bands 
characteristic of an ordered backbone were also evident at 20 °C for 10 
mM solutions. Nonetheless, to ensure complete formation of the duplex, 
all of the experiments described below were carried out below 15 0C. 
Because of the relatively low Tm of (rA)8-(dT)8, it was not feasible to 
conduct deuterium-exchange studies directly on the octamer complex. 

For the measurement of NMR spectra of nonexchangeable protons, 
lyophilized samples were dissolved in a solution containing 0.1 M NaCl 
and 10 mM phosphate buffer at pH 7.0. The solution was again lyo
philized and the duplex was redissolved to a concentration of 3.5 mM in 
pure (99.96%) D2O. For the measurement of exchangeable proton 
spectra, a 9:1 mixture of H2O-D2O was substituted for the pure D2O. 
DSS was used as an internal chemical shift reference. 

NMR spectra were obtained with a JEOL GX-500 NMR spectrom
eter. Spectra in H2O were accumulated with a 1-1 pulse sequence,8 and 
NOE difference spectra were obtained by difference FID between on and 
off resonance irradiation at 5 0C. Irradiation time was 100 ms. 
Phase-sensitive NOESY and DQF-COSY36 spectra in D2O were col
lected by the method of States et al.37 at 5 and 15 0C. The repetition 
delay was 2.2 s. Two mixing times, 60 and 100 ms, were used for the 
NOESY experiments. 

Before the measurement of both Raman and NMR spectra, solutions 
of (rA)8-(dT)8 were heated to 50 0C and cooled gradually to completely 
anneal the complementary strands. AU glassware was cleaned in de
tergent solutions or heated before use to inactivate possible traces of 
nucleases. 

Results 
NMR spectroscopy of (rA)8-(dT)8 in 3.5 mM solution reveals 

imino proton peaks, which assure base pairing up to 15 0C. 
Therefore, the following studies of (rA)8-(dT)8 in 10 mM solution 
at 2 0 C by Raman spectroscopy, and at 5 and 15 0C by NMR 
spectroscopy, reflect the structure of the (rA)8-(dT)8 duplex. 

1. Raman Spectroscopy. The Raman spectra of (rA)8-(dT)8 

in the regions 550-950 and 1150-1550 cm"1 are shown in Figure 
1. Many of the Raman bands in the spectra of Figure 1 serve 
as indicators of nucleoside sugar pucker and backbone phospho
diester conformation. The use of Raman bands as indicators of 
nucleoside and phosphodiester conformations rests upon corre
lations established previously in Raman studies of DNA and RNA 
crystals of known structure,3,4,9"13 and of polynucleotide fibers of 
known configuration.3,4,10,l4~17 Applying the established corre
lations to (rA)8-(dT)8, in the same manner as in their analogous 
application to poly(rA)-poly(dT),3"5 we find that the frequencies 
and intensities of the Raman peaks at 811 and 838 cm"1 identify 
a 1:1 ratio of A-form and B-form phosphodiester geometries in 
the hybrid octamer. Further, the weak Raman lines at 563 and 
614 cm"1, and the more intense lines at 670 and 1376 cm"1, indicate 
that thymidine residues of (rA)8-(dT)8 exist only with C2' endo 
sugar pucker, consistent with phosphodiester geometry of the B 
form in the (dT)8 strand.6 Finally, the band at 648 cm"1 is a 
recognized marker for the C3' endo conformer of the adenosine 
residue, consistent with phosphodiester geometry of the A form 
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ppm 
Figure 2. Expansion of the 1H NMR NOESY spectrum of (rA)8-(dT)8 
obtained in D2O buffer at 15 0C and with 100-ms mixing time. Solid 
lines indicate the Hl'(0/rH'(i - 1)-H8(i) connectivities for the (rA)8 
strand, with the HI'(0"H8(0 cross peaks labeled. Single arrows indicate 
the H2(/)-Hl'(i + 1) cross peaks for the (rA)8 strand and numbering 
of adenine H2 is denoted. Double arrows indicate the respective ranges 
where Hl' and H6 resonances of dT residues appear. (See Discussion.) 

in the (rA)8 strand.5'6 Therefore, all of the Raman conformation 
markers of(rA)8-(dT)8, as well as their relative intensities, indicate 
a 1:1 A:B structure. 

The data of Figure 1 are virtually identical with those obtained 
previously on poly(rA)-poly(dT).3"5 Accordingly, the structural 
conclusions reached here for (rA)8-(dT)8 apply also to poly-
(rA).poly(dT). 

2. NMR Spectroscopy. The numbering of the (rA)8-(dT)8 

residues is given in formula I: 
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The results that follow were obtained from analysis of both the 
NOESY spectrum with 100 ms mixing time and the DQF-COSY 
spectrum at 15 0C. The same results were obtained from NOESY 
and DQF-COSY spectra at 5 0C, where intrinsic conformational 
features of (rA)8-(dT)8 are reflected more clearly owing to reduced 
thermal fluctuations, and from the NOESY spectrum with 60-ms 
mixing time, where the spin diffusion effect is less than that for 
the 100-ms mixing time. 

Assignments of nonexchangeable protons have been accom
plished by two-dimensional NMR spectroscopy. Figure 2 shows 
an expansion of the HT-H2/H6/H8 cross-peak region in the 
NOESY spectrum with 100-ms mixing time. Although crowding 
of resonances of the dT residues renders a complete assignment 
impracticable, the frequency ranges of the dT resonances can be 
unambiguously identified. The range for thymine CH3 is easily 
recognized, as usual for methyl resonances. The range for 
H2'/H2" resonances of dT near 2.5 ppm is established by the fact 
that H2' resonances of ribonucleotides (rA) do not appear near 
2.5 ppm, but near 4.5 ppm. Accordingly, the ranges for H6 and 
H1' of dT residues can be determined as shown in Figure 2, based 
upon analysis of the apparent cross peaks for H6(j - 1)/H6-

PPm 

Figure 3. Expansion of the NOESY spectrum, showing cross peaks 
involving Hl' (top panel, a) and H8 (bottom panel, b), with either H2' 
or H3' or H4', for each rA residue. In each panel, cross peaks involving 
H 2' are labeled, and of the two dots remaining unlabeled, the lower field 
dot is the cross peak involving H3', while the higher field dot is the cross 
peak involving H4' for each residue. (Discrimination of H3' and H4' was 
performed without making any assumptions about relative positions of 
resonances. See text.) Solid lines in (a) connect intraresidue cross peaks 
between H2'/H37H4' and Hl'. Solid lines in (b) indicate H2'(i)/H2'(/ 
- 1)-H8(() connectivities for the (rA)8 strand, with H2 ' ( I ) -H8(I ) cross 
peaks labeled. 

(0-CH3(O, H2'(0/H2'(/ - 1)-H6(0, H2"(0 /H2"( i - 1)-H6(/), 
Hl ' (0 -H2 ' (0 , and Hl ' (0-H2"(i) . Conversely, cross peaks in 
Figure 3a and b originate only from rA residues. Here, / represents 
a given base residue as defined in formula I, and conventional 
notation is employed for sugar and base protons. 

In Figure 2, the Hl ' (0 /Hl ' ( i - l)-H8(0 connectivities for the 
rA strand are shown in the upper right of the illustration. Thus, 
H8 and H l ' resonances of the rA residues can be assigned. Peaks 
remaining unassigned in the aromatic region of the one-dimen
sional spectrum and giving no cross peaks to H2 ' /H3 ' /H4 ' are 
the H2 resonances of the rA residues. Cross peaks between H2 
and H l ' of rA are observed, as denoted in Figure 2 by single 
arrows (lower right of illustration). Intensities of these cross peaks 
are not weak, but comparable with intensities of H8(0-H1'(0 
cross peaks. To assist in assigning the cross peaks, we calculated 
the intra- and interresidue H2-H1' distances and the H8(0-H1'(/) 
distances along the rA strand, assuming each of the following 
models: (1) B-form structure of Arnott and Hukins," (2) B'-form 
structure of Arnott and Seising,20 (3) A-form structure," (4) 
hybrid structure of Zimmerman,1 and (5) hybrid structure of 
Arnott et al.18 The calculated interproton distances are listed in 
the corresponding columns of Table I. 

Examination of Table I shows that the H8(0-H1'(0 distance 
is between 3.7 and 3.9 A in all models. Among the three types 
of H2-H1 ' distances [i.e., H2(0-H1'(0, H2(0-Hl ' ( i - 1) and 
H2(0-Hl'(i + I)], all are significantly greater than 4.0 A, except 
H2(i)-Hl'(/ + /) of models 3, 4, and 5. Accordingly, only for 
the latter models is a cross peak of intensity comparable to that 
of H8(0-H1'(0 expected. Other H2(0~H1'(0 and H20')-Hl'(i 
- 1) distances (Table I) exceed 4.5 A, and only much weaker cross 
peaks can be expected from them. Therefore, the cross peaks 
denoted by single-headed arrows in Figure 2 are attributed with 
confidence to H2(/)-Hl'(i + 1 ) . By use of these cross peaks, H2 
resonances of A(I) through A(7) are assigned. Finally, the single 
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Table I. Intra- and Interresidue Distances (AH2-AH1' and 
AH8-AH2'), and lntraresidue Distances (AH8-AHT) in Selected 
Models for (rA)8-(dT),« 

distance* 

AH2(0-AHl'(i) 
AH2(/)-AHl'(i- 1) 
AH2(/)-AHr(/+ 1) 
AH8(i)-AHl'(0 
AH8(/)-AH2'(;') 
AH8(/)-AH2'(; - !) 

1 
4.5 
7.2 
4.5 
3.9 
2.2 
3.7 

2 
4.5 
7.1 
4.4 
3.9 
2.1 
3.8 

model' 
3 

4.7 
8.8 
4.0 
3.8 
3.8 
1.7 

4 
4.9 
8.6 
3.5 
3.7 
4.2 
1.6 

5 
4.6 
7.7 
3.3 
3.8 
3.9 
1.9 

" Distances are in angstroms. Interproton distances were calculated 
by generating appropriate proton coordinates based upon the carbon 
coordinates published in the references cited. 'Three-residue sequences 
of the rA strand, in the 5' to 3' direction, are indicated by / - 1, i, and 
/ + 1. 'Models: 1, B form;" 2, B' form;20 3, A form;" 4, Zimmer
man;1 5, Arnott.18 

peak remaining unassigned in the aromatic region of the one-
dimensional spectrum is assigned to H2 of the residue A(8). 
Assignments of the H2 peaks are also confirmed by A(6)H2-A-
(7)H2 and A(7)H2-A(8)H2 cross peaks (data not shown). 

Horizontal lines in Figure 3a are drawn to connect cross peaks 
of H1' to H2', H3', and H4' for each rA residue. The strongest 
peaks for each rA residue are labeled and assigned as Hl' to H2' 
cross peaks, since the distances between them are the shortest for 
virtually all puckering geometries of the sugar ring.23,24 (Only 
for puckering around 04' endo is the HT-H4' distance shorter 
than HT-H2'.23) We examined the H2'(/)/H2'(/ - 1)-H8(;) 
connectivities to confirm assignments of the H2' resonances. Cross 
peaks between previously assigned H8 and tentatively assigned 
H2' (on the basis of Figure 3a) can be connected sequentially 
without contradiction, as shown in Figure 3b. It turns out that 
very strong interresidue cross peaks appear in these connectivities. 
Such strong cross peaks are not expected for H4'(/ - 1)-H8(;'), 
since the corresponding distances are greater than 4.5 A in all 
of the model structures.23 On the other hand, the H2'(/ - 1 )-H8(i) 
distance is much shorter (<2.1 A) only in the A-form model 
structure,19,23 and accordingly, a strong cross peak can be expected. 
Therefore, misassignment of H4' as H 2' is improbable and the 
tentative assignment scheme of H2' is confirmed. In effect, the 
assignment of H2' is accomplished without any assumption a priori 
about sugar puckering. 

The remaining cross peaks, except for H1 '-H2' in Figure 3a, 
are of intraresidue Hl'-H3' and Hl'-H4' origin and indicate the 
resonance positions of H3' and H4' of the rA residues. These 
positions are confirmed by H3'(J ' )-H8(0 and H4'(i')-H8(<) cross 
peaks, indicated by dots in Figure 3b, by H3'(< - 1)-H8(/) and 
H4'(/ - 1)-H8(i) connectivities, not drawn in Figure 3b, and by 
H3-H4' cross peaks (data not shown). Since the HT-H4' distance 
is shorter than HT-H3', regardless of sugar puckering,23 the 
stronger cross peaks can be attributed to H1-H4' and the weaker 
to Hl'-H3'. Thus, discrimination between H3' and H4' of rA 
residues is accomplished except for the residues A(3), A(4), and 
A(6), where discrimination is hindered by overlapping of cross 
peaks. Examination of H2'-H3' and H2'-H4' cross peaks in the 
NOESY spectrum overcomes the remaining ambiguity. The 
H2'-H3' distance (~2.3 A) is much shorter than H2'-H4' 
(3.5-3.9 A), regardless of sugar puckering,23 so a stronger cross 
peak is expected for H2'-H3', and a weaker one for H2'-H4'. 
Thus, discrimination of H3' and H4' is accomplished for A(3), 
A(4), and A(6) residues, with further confirmation of the other 
residue assignments. We note that the position of the H4' reso
nance is located at higher field than that of the H3' resonance 
for every rA residue (Table II), as is usually the case for a DNA 
duplex. However, no empirical assumptions were made about the 
relative positions of H3' and H4' resonances in assigning them. 

Finally, we note that all of the above assignments have been 
confirmed by a DQF-COSY spectrum (data not shown). 

Discussion 
The imino proton resonances of dT residues were observed at 

either 5 or 15 0C, and NOE difference spectra were obtained by 
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Table H. Assignments for Nonexchangeable Protons of the rA 
Strand of (rA)8-(dT)8" 

residue 

A(I) 
A(2) 
A(3) 
A(4) 
A(5) 
A(6) 
A(7) 
A(8) 

H8 
8.15 
8.02 
7.91 
7.85 
7.82 
7.81 
7.79 
7.84 

H2 
7.36 
7.32 
7.24 
7.21 
7.24 
7.34 
7.60 
7.89 

Hl' 
5.59 
5.76 
5.78 
5.72 
5.70 
5.71 
5.77 
5.86 

H2' 
4.70 
4.67 
4.56 
4.48 
4.39 
4.28 
4.23 
4.04 

H3' 
4.60 
4.72 
4.66 
4.64 
4.64 
4.63 
4.62 
4.29 

H4' 
4.26 
4.50 
4.50 
4.57 
4.46 
4.43 
4.42 
4.23 

"Excluding H5' and H5"; chemical shifts (ppm) at 15 0C. 

irradiating each imino proton peak. The NOEs to H2 resonances 
of rA residues were observed on irradiation at each peak (data 
not shown). These results provide direct evidence that base pairing 
in (rA)8-(dT)8 is of the conventional Watson-Crick type and not 
of the Hoogsteen type, where NOEs to H8 or rA residues would 
be expected. 

In Figure 3b, H2'(/ - 1)-H8(/) cross peaks are uniformly very 
strong. This is a characteristic typical of the A-form secondary 
structure with C3' endo sugar puckering.23,24'26"28 Weaker 
H2'(/)-H8(/) cross peaks are also consistent with the A form 
(Table I).19,23 It should be stressed that in Figure 3b we can trace 
sequential H2'(/')/H2'(/ - 1)-H8(i) connectivities and observe 
strong H2'(/- 1)-H8(i) cross peaks and weak H2'(i')-H8(/) cross 
peaks characteristic of the A-form secondary structure, without 
any assumption about the conformation of the (rA)8 strand. 

As shown in Figure 2, we observe (rA)8 ('nrrastrand H2-H1' 
cross peaks of moderate intensity, nearly comparable to that of 
H8(/)-Hl'(/) cross peaks. As noted above, these peaks are at
tributed exclusively to H2(/)-Hl'(; + 1) cross peaks, because other 
intrastrand distances are too large to account for them in all of 
the model structures. A common feature of the A-form,19 Zim
merman,1 and Arnott models,18 where the H2(()-H1'(/ + 1) 
distance should generate a significant cross peak, is that the 
adenylate strand (rA or dA) is in the A conformation. Thus, 
appearance of the moderately intense intrastrand H2-H1' cross 
peak not only facilitates assignment of H2 of the rA residues, but 
also gives information about the strand conformation: The ob
served cross peaks reveal that the (rA)8 strand is the A confor
mation in the (rA)8-(dT)8 complex. 

The interstrand cross peak between H2 of adenine and Hl' of 
the neighboring 3'-residue of the complementary strand has al
ready been reported for the B form. The intensity of this in-
terstrand cross peak is remarkable in DNA containing the oli-
go(dA) tract, where it is nearly comparable to the intensity of 
the H8(/')-Hr(() cross peak30,31 and can be used as an indicator 
of the width of the minor groove.29"31 However, even in these cases, 
the intrastrand H2(/')-Hr(/ + 1) cross peak is somewhat weaker 
than the H8(i)-Hl'(i") cross peak. Also, in recent reports on 
DNAs containing the oligo(dA) tract, most of the intrastrand 
H2(i)-Hl'(/ + 1) cross peaks are not so intense as to be com
parable with the H8(i)-HP(z') cross peaks. Thus, we suggest here 
that the intense intrastrand H2(/)-Hl'(j + 1) cross peak can be 
a reliable indicator of the A-form secondary structure. Very 
recently, Reid and co-workers24,25 observed similar intense cross 
peaks for the A conformation. 

In the DQF-COSY spectrum, Hl'-H2' cross peaks of rA 
residues do not appear, with the exception of a very weak one for 
A(8). On the other hand, H3'-H4' cross peaks do appear for all 
rA residues (data not shown). On the basis of a proposed cor
relation between the H-C-C-H dihedral angle and the corre
sponding three-bond coupling constant,34 the sugar puckering is 
concluded to be C3' endo, characteristic of the A form, where the 
Hl'-H2' coupling constant is zero and the corresponding cross 
peak is not expected to appear. Conversely, the H3'-H4' coupling 
constant is ~9 Hz and the corresponding cross peak is expected. 

In summary, it is shown by NMR spectroscopy, independently 
of Raman spectroscopy, that the (rA)8 strand assumes the A-like 
conformation with C3' endo sugar puckering. This conclusion 
rests upon three lines of experimental evidence: (1) very strong 
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H2'(< - 1)-H8(i) cross peaks in the NOESY spectrum, (2) rel
atively intense intrastrand H2(/)-Hl'(/ + 1) cross peaks, com
parable with H8(i')-Hl'(/) cross peaks in the NOESY spectrum, 
and (3) absence of HT-H2' and presence of H3'-H4' cross peaks 
in the DQF-COSY spectrum. 

Gupta and co-workers7 proposed, on the basis of the presumed 
absence of H3'(/)/H3'(/ - 1)-H8(i) NOEs, that the poly(rA) 
strand of poly(rA)-poly(dT) assumes a B-like conformation. 
However, Figure 3b shows that H3'(/)-H8(/') cross peaks (labeled 
with dots) and H3'(/ - 1 )-H8(i) cross peaks (present, but not 
explicitly labeled) do occur for (rA)8 in the NOESY spectrum 
of (rA)8-(dT)8. Except for a few of the cross peaks, band overlap 
makes it difficult to evaluate the intensities precisely. Yet, it is 
clear that the intensities are not as weak as would be expected 
for the B-form structure, where the respective H3'(i)-H8(() and 
H3'(< - 1)-H8(/) distances are greater than 5.0 and 4.6 A.23 

Moreover, as already noted,25 the absence of H3'(f')/H3'(; -
I)-H8(i) NOEs as criteria for excluding A-form structures is 
unreliable. Our three independent lines of NMR evidence, sum
marized in the preceding paragraph, indicate unambiguously that 
the (rA)8 strand of (rA)8-(dT)8 takes on the A conformation; and 
this conclusion is further corroborated by Raman spectroscopy 
(Figure 1). 

As mentioned above, complete assignments for dT residues are 
not feasible because of overlapping of cross peaks. However, some 
conformational features of the (dT)8 strand can be deduced by 
NMR spectroscopy. By use of the H2'-H2" cross-peak region 
near 2.5 ppm of the NOESY spectrum, where resonances of dT 
residues only appear, pairing of H2' and H2" for each dT residue 
can be established (data not shown). The range of Hl' resonances 
of dT residues is limited (Figure 2) and has been discussed above. 
With this information, discrimination between H2' and H2" can 
be made by comparison of the intensities of Hl'-H2' and HT-H2" 
cross peaks in the NOESY spectrum, since H2" is closer to Hl' 
regardless of sugar puckering. Thus, although residue numbering 
cannot be established, the positions of H2' and H2" resonances 
of dT residues are determined. It then turns out that HT-H2' 
cross peaks, but not H2"-H3' cross peaks, are observed for six 
or seven of the dT residues in the DQF-COSY spectrum (data 
not shown). When the relation between dihedral angle and the 
corresponding coupling constant is invoked,34 it is clear that 
virtually all of the dT sugars (i.e., excluding possible end effects) 
are restricted to puckering between 04' and C3' exo, i.e., within 
the C2' endo family. This is consistent with the conclusion from 
Raman spectroscopy, that dT sugar puckering is not of the C3' 
endo family (A form) but of the C2' endo family (B form).3"* 

The conformational dissimilarity between (rA)8 and (dT)8 
strands may also be reflected in the NOE base-base cross peaks. 
At least five and possibly six H6(/ + 1 )-H6(/) cross peaks are 
observed for the (dT)8 strand, while no H8(/ + 1)-H8(0 cross 
peak is observed for the (rA)8 strand (data not shown). This may 
result from significantly different intrastrand base stacking in the 
two strands, although different spin diffusion paths, for example 
via CH3 and H2" in (dT)8 cannot be ruled out. A similar ob
servation has been made recently for another RNA-DNA hybrid.25 

Finally, we note that the interstrand H2-H1' cross peak is very 
weak or absent in the NOESY spectrum of (rA)8-(dT)8 (Figure 
2), although the relatively intense interstrand cross peak between 
H2 of adenine and Hl' of the neighboring residue on the com
plementary strand is observed clearly in the (dA)„-(dT)n portion 
of the duplex.29"33 Again, this is not inconsistent with the results 
reported recently for another RNA-DNA hybrid,25 wherein cross 
peaks are strong only in the direction from a C2' endo strand to 
a C3' endo strand and very weak or absent otherwise. 

A particularly attractive feature of the Zimmerman and Pheiffer 
model1 is its kinship to certain geometrical properties of B DNA, 
despite the C3' endo puckering of the rA strand. For example, 
the bases in this model are centered close to the helix axis, as in 
B DNA, and this is evident from a perspective along the helix 
axis.5 In a recent study of poly(rA)-poly(dT), Benevides and 
Thomas5 proposed a quite similar model to explain the observed 
Raman, NMR, and X-ray results on the polynucleotide hybrid. 

The seemingly conflicting conclusion reached in the earlier NMR 
study,7 that poly(rA)-poly(dT) assumes a B conformation, might 
also be explained by the disposition of the bases close to the helix 
axis in this structure. 

Conclusions 
With the combined use of Raman and NMR spectroscopy, the 

solution conformation of (rA)8-(dT)8 has been determined. The 
structure is a right-handed double helix and the base pairs are 
of the Watson-Crick type. No evidence of Hoogsteen or other 
unusual base pairing is evident in the NMR-NOE spectra. 
Similarly, no other specific hydrogen-bonding interactions to the 
adenine N7 acceptor site are apparent. 

The conformations of rA and dT strands are inequivalent: the 
adenosine residues exhibit Ci' endo sugar pucker, the thymidine 
residues exhibit sugar pucker in the C2' endo family. This 
conclusion applies rigorously to the central six residues, which 
are insulated from end effects. The present results are consistent 
with earlier Raman studies of poly(rA)-poly(dT), which indicated 
equal amounts of A-type and B-type phosphodiester conformations 
in the hybrid nucleic acid.3"5 Among available molecular models, 
the Zimmerman and Pheiffer model' for poly(rA)-poly(dT) is the 
most consistent with the primary structure and observed NMR, 
Raman, and isotope-exchange properties of (rA)8-(dT)8.

5 An 
added attraction of this model is the similarity of its pitch and 
shape to 10.5-fold B DNA, despite the ribosyl sugars and C3' endo 
pucker of residues in the rA strand. 

The results obtained here on (rA)8-(dT)8 suggest that the re
tardation of exchange of adenine C8-H groups in poly(rA)-
poly(dT) cannot be explained by Hoogsteen pairing or other 
hydrogen bonding directly to the N7 purine acceptor and therefore 
probably result from another specific interaction at the adenine 
N7-C8 locus. Benevides and Thomas,5 making use of the present 
NMR results and the coordinates of Zimmerman and Pheiffer,1 

proposed that the observed retardation of C8-H exchange in 
poly(rA)-poly(dT) is a consequence of close contact of the ade
nylate 5' ester oxygen and the adenine C8-H group, resulting in 
the formation of a stable C8-H-05' hydrogen bond. An in-
tranucleotide hydrogen bond of this type would account for the 
observed retardation of C8-H exchange in poly(rA)-poly(dT) and 
is consistent with the fiber X-ray data. With the Zimmerman 
and Pheiffer coordinates,1 we calculate the H to O distance to 
be 2.2 A, which corresponds to a C to O distance of approximately 
3.0 A.5 The solution structure of (rA)8-(dT)8 proposed here may 
also suggest a structural basis for understanding the retardation 
of purine C8-H exchange in other hybrid nucleic acids. 

In summary, Raman and NMR spectroscopy indicate a solution 
structure for (rA)8-(dT)8, which is consistent with the fiber model 
proposed for poly(rA)-poly(dT) on the basis of X-ray diffraction.1 

In other applications, structures of this type have been designated 
by the terms "heteronomous" or "heteromerous".18'22 The present 
experimental results imply that such structures may be stabilized 
in part through the formation of C8-H—05' hydrogen bonds 
within the poly(purine) strand. Intranucleotide C8-H—05' hy
drogen bonding is also proposed to account for the anomalous 
hydrogen-exchange characteristics of (rA)„-(dT)„ complexes.5 
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