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ABSTRACT A decadeoxyribonucleotide, d(C-C-A-A-G-A-T-T-
G-G) (I), forms a duplex in solution. The base pairing pattern in
this duplex was studied by proton nuclear magnetic resonance
spectroscopy. Five NH..N hydrogen-bonded proton resonances
were observed, and they were assigned by nuclear Overhauser
enhancement experiments as well as by comparison to five pre-
viously assigned NH.N hydrogen-bonded proton resonances in a
self-complementary duplex of similar sequence, d(C-C-A-A-G-C-
T-T-G-G) (II). The results suggest that the central -G-A- residues
of I form G-A base pairs in the helical state. The fact that the H2
proton of A at the sixth position from the 5' end of I showed nu-
clear Overhauser enhancement when the NH*N hydrogen-bonded
proton resonance of G A was irradiated suggests that the bases of
the G A base pair are oriented in an anti-anti conformation. Com-
parison of the linewidths at the half height of the NH.N hydro-
gen-bonded proton resonances of I at 1°C suggest that the G-A
base pairs are less stable than adjacent AT base pairs.

The strands of double-stranded nucleic acids are normallv held
together by hydrogen bonds between the complementary bases
guanine (G)/cytosine (C) and adenine (A)/thymine (T) or uracil
(U). Other base-pairing schemes are possible and have been
considered or observed in synthetic polynucleotide duplexes
(1-4) and naturally occurring nucleic acids. For example, G-U
base pairs are formed in tRNAs (5). Modified bases can also take
part in unusual interactions. Thus, a G-A base pair was found
between N2,N'-dimethylguanine (at position 26) and adenine
(at position 44) in the crystal structure of phenylalanine tRNA
(6).
We have recently observed that a decadeoxyribonucleotide

with the base sequence d(C-C-A-A-G-A-T-T-G-G) (I) forms a
self-associated duplex in solution. Although the sequence of this
decanucleotide is not self-complementary, the C-C-A-A se-
quence at the 5' end of the molecule is complementary to the
3' T-T-G-G sequence. We have investigated the structure of
this duplex by 'H NMR. The results suggest that G&A base pairs
are formed in the duplex. In this report we present data to sup-
port this conclusion and explore the structure of the G-A base
pair.

EXPERIMENTAL
The decadeoxyribonucleotide I was prepared by the phospho-
triester method. A complete description of its synthesis and
characterization has been published (7).

The NMR sample of I was prepared in aqueous solution and
contained 5 mM phosphate buffer, pH 7.0. The final strand
concentration of I was 4 mM. Compound I was dissolved in

H20 (mixed with 10% 2H20) medium for observation of NH.N
and nonexchangeable base proton resonances. The sample was
later lyophilized and redissolved in 99.8% 2H20 for the deu-
terium exchange experiment. Both Redfield 2-1-4 soft-pulse (8)
and single ('90°) strong-pulse experiments were performed on
a Bruker WM-500 NMR spectrometer located at the Chemical
Instrumentation Center, Department of Chemistry, Yale Uni-
versity. Proton NMR spectra were obtained in 'H20 and 2H20.
The nuclear Overhauser enhancement (NOE) data were ob-
tained by directly measuring the differences of the free in-
duction decays of on- and off-gated double-resonance experi-
ments. Thus, only the irradiated and NOE-enhanced signals
appear in the spectra. All chemical shifts were measured from
sodium 2,2-dimethyl-2-silapentanesulfonate.

RESULTS AND DISCUSSION
The NH--N hydrogen-bonded resonances as well as the base
proton resonances of I at 10C obtained by a Redfield 2-1-4 pulse
sequence are shown in Fig. 1, spectrum A. Five distinct proton
resonances appear in the low-field region 12 to 15 ppm from
dimethylsilapentanesulfonate (left part of spectrum A in Fig.
1). Only four nonequivalent Watson-Crick NH.N hydrogen-
bonded proton signals are expected from duplex I. Thus, the
extra resonance in this area strongly suggests a NH..N hydro-
gen bond from a GA base pair. The assignment of these res-
onances can be made by two independent methods. The NH.N
resonances of duplex I were compared with those of a self-com-
plementary decamer, d(C-C-A-A-G-C-T-T-G-G) (II). The res-
onances of the five NH.N hydrogen-bonded protons of II have
been unambiguously assigned (9) and are shown as a reference
in the histogram at the top of spectrum A in Fig. 1. The peaks
at 13.05, 13.20, and 14.10 ppm can readily be assigned to C1G'0,
C2 G9, and A3-T8 of I, respectively (see Fig. 1, spectrum A).
The signal at 13.6 ppm is assigned to an A-T base pair (i.e., A4-T7)
on the basis of its chemical shift value (10). The observed -0.5-
ppm upfield shift from the NH..N peak from the same base
pair of II is due to its proximity to the strongly shielding A6
residue in I. The remaining peak at 12.6 ppm is thus assigned
to the GA base pair. The appearance of this proton resonance
at relatively high field may due to its intrinsic chemical shift
value, to the extensive shielding by the neighboring A6 residue
in the helix, or to both of these factors.
The identities of the five NH..N resonances observed in I

at low temperature can also be deduced from NOE experi-
ments. Similar methods were used for the assignments of NH*-N
hydrogen-bonded proton resonances in tRNAs (11-13) and in
synthetic oligodeoxyribonucleotides (4). The results of the NOE
experiments are shown in the left portions of spectra B-E in

Abbreviation: NOE, nuclear Overhauser enhancement.
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FIG. 1. Spectrum A, the NH ..N hydrogen-bonded proton reso-

nances (Left) and base proton resonances (Right) of 4 mM d(C-C-A-A-
5 6 7 8 9 10
G-A-T-T-G-G) in 0.005 M sodium phosphate buffer, pH 7 at 1VC. The
chemical shift data are relative to dimethylsilapentanesulfonate and
the solvent is H20 (contains 20% 2H20). The symbols A, v, @, o, and #
designate H8 of adenine, H8 of guanine, H2 of adenine, and H6 of cy-
tosine and thymine, respectively. A trace impurity is marked with x.
Unmarked signals are exchangeable amino protons. Spectra B-E are
NOE difference spectra. Details are provided in the text. The 1 shows
the irradiation frequency and t denotes the effect in the NOE exper-
iments. The assignments of the NH.N hydrogen-bonded proton reso-

nances in the self-complementary decadeoxyribonucleotide d(C-C-A-
4 5 6 7 8 9 10

A-G-C-T-T-G-G) (9) are shown in the histogram above the left part of
spectrum A for comparison. It should also be noted that some spikes
which are scattered on the spectra were generated by the Bruker WM-
500 spectrometer.

Fig. 1. The data are presented in the form of difference spectra
to illustrate the specific NOE. A NH-..N peak at 13.6 ppm and
a base proton resonance at 7.8 ppm show NOE when the res-
onance at 12.6 ppm is irradiated (Fig. 1, spectrum B). This re-
sult clearly shows the base pair with a NH---N signal at 12.6 ppm

is next to the base pair at 13.6 ppm (12, 13). Enhancement of
the peaks in the region 7-8.4 ppm indicates these protons be-
long to either the H2 of a Watson-Crick A-T base pair or the
H2 or H8 of a G-A base pair (Fig. 2). Upon irradiation of the
peak at 13.6 ppm, three peaks at =7.38, 12.6, and 14.1 ppm
receive a NOE effect (Fig. 1, spectrum C). This result indicates
the peak at 13.6 ppm belongs to an ART base pair (9) that is next
to the base pair at 14.1 ppm. Irradiation of the peak at 14.1 ppm
effects peaks at -7.38, 13.0, and 13.6 ppm (Fig. 1, spectrum
D). Therefore this base pair could also be an APT that is next
to the base pair at 13.0 ppm. Because there is no NOE in the
7- to 8.4-ppm region when the peak at 13.0 ppm is irradiated
(Fig. 1, spectrum E), this peak belongs to a G-C base pair. In
addition only a small NOE occurs at 14.1 ppm and no effect is
observed at 13.2 ppm. These results indicate the following se-
quence of base pairs: G'C (13.0 ppm), A-Ts or G-A (14.1, 13.6,
and 12.6 ppm). On the basis of the known nucleotide sequence
of I (7), the peaks can be unambiguously assigned as follows:
C2 G9 (13.0 ppm), A3.T8 (14.1 ppm), A4-T7 (13.6 ppm), and G5-A6
(12.6 ppm). The peak at 13.2 ppm is assigned to the terminal
Cl G10 base pair, which is consistent with its broad linewidth
due to fast fraying motion (9) and with its early disappearance
when the temperature of the helix is increased (unpublished
data). This imino proton is largely relaxed by exchange with the
solvent, which would account for the lack of a NOE effect when
the NHgN proton resonance of its neighboring base pair is ir-
radiated.

The structure of the G-A base pair was also determined by
NOE experiments (Fig. 1). There are three possible confor-
mations for the G-A base pair, two of which are shown in Fig.
2. The G(anti).A(syn) conformation showed in Fig. 2A was de-
scribed by Fresco and co-workers (1-3) and more recently by
Traub and Sussman (14). The sugar-phosphate backbone struc-
ture of both strands is not disturbed by this unusual base pair-
ing. In this case, the H8 of the A base should be close to the
NH.N proton. In contrast, the NH-..N imino proton is close
to the H2 of A if both bases are in the anti conformation (Fig.
2B). However, the sugar-phosphate backbones of both strands
must be pushed out to accommodate this type of base pair. The
third G-A base pairing conformation is G(syn).A(anti). In this
case, the A base must be in an unfavorable imino form. Both
the H2 of A and the H8 of G are close to the NH(from A)-..N
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FIG. 2. Two possible G-A base pair schemes. (A) G in anti and A in
syn conformations; (B) G andA both are in anti conformations. S, sugar
moiety.
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FIG. 3. The 'H NMR spectrum of the nonexchangeable base pro-
ton resonances of I. The conditions are the same as those for Fig. 1, spec-
trum A, except the spectra are recorded in 99.8% 2H20. The identities
of the symbols are also the same as those in Fig. 1. See text for details.

proton in the G(syn).A(anti) conformation.
The results of the NOE experiment are shown in the right

part of spectrum B in Fig. 1. It is clear that the resonance lo-
cated at 7.8 ppm experiences a negative NOE when the G&A
NH..N proton located at 12.6 ppm is irradiated. Therefore, the
third possible conformation, i.e., G(syn)A(anti), can be im-
mediately ruled out. The signal at 7.8 ppm at low temperature
belongs to either an H2 or an H8. The identity of this signal
was determined by the deuterium exchange experiment shown
in Fig. 3. The bottom trace of Fig. 3 shows the nonexchange-
able proton resonances of I in 2H20. Every signal except the
signals at 7.12 and 7.35 ppm shows one proton by integration.
The peak at 7.12 ppm is an impurity and that at 7.35 ppm con-

tains resonances of three protons. After heating 1 hr at 90TC,
the spectrum of the sample was rerecorded under exactly the
same conditions (middle trace of Fig. 3). It is quite clear that
the three signals at 7.78, 7.84, and 7.92 ppm are reduced sig-
nificantly, whereas the signals at 8.04, 8.20, and 8.34 ppm are

only slightly reduced. After heating for 3.5 hr at the same tem-
perature, the first three signals have disappeared and the latter
three peaks are tremendously reduced, whereas all the other
signals remain in their original intensities (top trace, Fig. 3).
Thus, the six signals whose intensities are reduced are assigned
to the H8 protons of the purine bases (15). The three peaks that
totally disappeared after 3.5 hr are assigned to the more acidic
H8s of guanine. On the basis of their coupling patterns, the
signals at 7.56 and 7.74 ppm are identified as the H6s of cy-

tosines, and the signal at 7.04 ppm is assigned to the H6 of thy-
mine.
The two H2 signals located near 7.38 ppm were previously

identified as belonging to A3 and A4. The other H6 of thymine
also resonates in this area and was identified by NOE after ir-
radiation of the thymine methyl group (unpublished data).

Therefore, the signal at 7.80 ppm (Fig. 1, spectrum B and Fig.
3) must come from the H2 of A6. Because this resonance re-
ceives a NOE when the NH..N of G5A6 is irradiated, the con-
formation of the G&A base pair is anti-anti. This orientation is
similar to that of the m2G26 to A' base pair in the crystalline
form of phenylalanine tRNA (6) but is clearly contrary to that
suggested by Traub and Sussman (14) for a G&A base pair in
mRNA.
The results of our experiments show the decadeoxyribonu-

cleotide I forms a double-stranded helix at low temperature in
solution that contains two G&A base pairs in the center of the
helix. The G&A base pairs are oriented in an anti-anti confor-
mation. In order to accommodate the opposed purine bases the
backbone of the helix must be distorted. The linewidth of the
NH-..N proton resonance of a G-A base pair (23 Hz) is broader
than that of APT (17 Hz) in I at 10C (Fig. 1, spectrum A). Thus,
the stability of the G-A base pair is less than that of APT in this
particular case. The occurrence of stable GAA base pairs in this
short DNA helix suggests that G&A pairs could be accommo-
dated in cellular DNA.
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