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The oligonucleotide d(A4C;) in solution forms a parallel self-duplex at neutral and low pH values, H;O NMR spectra at pH 5.1 indicate the presence

of five imino resonances at lower temperatures; and the structure is stable up to 60°C. These signals can arise only from the hemiprotonated C*-C

pairs [Westhof, E. and Sundaralingham, M. (1980) Biochemistry 77, 1852-1856; Westhol, E. and Sundaralingham, M. (1980) J. Mol. Biol. 142,

331-361] and constitute the first direct observation of C*C hemiprotonated pairs in solution. The cross peaks from H1’s and more than five distinct

AH8's in 500 MHz 'H 2D-NOESY spectra indicate that there are two conformationally differeni and cnergetically similar A-tracts. There is good

qualitative agreement between NOESY data and (wo theorelically derived structures in which A-tracts are reverse Watson—Crick and reverse
Hoogsteen base-paired, respectively.

Oligonucleotide d(A;C,); Self-parallel duplex; Hemiprotonated; 2D NMR; Computer modeling

1. INTRODUCTION

X-Ray diffraction studies on polyadenylic acid {3]
and polycytidylic acid [4) had indicated that, at acidic
pH values, they form parallel double helices. X-Ray
crystallographic studies on cytidylyl-3’, 5’-adeno-
sine(CpA)-proflavine complex [1,2] and cytidylyl- 2°, 5'-
adenosine (C2'p5’A) [5] had indicated that both these
dimers, as repeat units, form right-handed parallel dou-
ble helices with hemiprotonated C*-C self-pairs and
neutral A-A self-pairs. In addition, other identical C*-C
base pairings have been reported from X-ray crystallo-
graphic studies for d(C3’pS"G) NH4 [6] and d(C3'p5'G)
Na {7]. From gel electrophoresis studies a similar C*-C
base pairing for the (C,A)-hairpin structure in the te-
lomeric sequence G,T,-A,C, had been proposed [8]. Ad-
enines forming self base pairs through N6-N7 atoms
have also been observed in the X-ray diffraction studizs
of ApApA [9]. We report here our NMR experimental
data and computer modeling study to demonstrate that
the decamer, d(A;Cs), in solution forms a right- handed
parallel seif-paired duplex in near neutral and low pH
(5.1). The cytosines and adenines form self-pairs with
three and two hydrogen bonds, respectively. Qur results
also indicate a possible N1-N6 hydrogen bonding to
form a reverse Watson—Crick pair for the A- tracts.
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2. MATERIALS AND METHODS

The decamer d({A,C,) was synthesized on a DNA synthesizer {Ap-
plied Biosystems Model 380A) following the niethed of Matteuei and
Caruthers [10]. The preducts were purified on a 1.1 x 50 cm column
of Q-Sepharose (Pharmacia) with a linear gradient of 0.2-0.8 M NaCl
in 10 mM NaOH (pH 12.0) and further purified by several ethanol
precipitations.

2.1. NMR spectroscopy

For both H.O and DO samples, the DNA concentration was 200
Ay units. The solutions were prepared in 20 mM sodium phosphate
buffer (pH 7.0) with 1 mM EDTA. One-dimensicnal NMR spectra of
d(A4Cs) in H;O and D,0 were recorded for a temperature range of
1-80°C at pH 5.1, by use of a time-shared long pulse sequence at 500
MHz, The temperature profiles of the imino/amino protons and base
protons for d(A,C;) in H,0 and D,0, respectively, were measured by
equilibrating the sample at each temperature for at least 30 min. The
pH titration was performed at | and 10°C for a pH range of 2.1-8.0.
NOE difference spectra of d(A;Cy) at 1, 10 and 30°C in H;O at pH
5.1 and 6.7 were recorded for presaturation times (7,;) of 250 ms with
a relaxation delay (RD) of 2.5 s and 5,000 transienis (NS). The
NOESY spectra of d(AsCs) at 10°C in D,0 were collected using the
pulse sequence [RD-90°190%7,-90%A s with 7, of 250 and 150
ms in the pure absorption mode [11] with RD of 1.8 s. The data matrix
(2,048 x 256) for 64 scans was processed to a size of 2Kx2K. Two
MINSY [12] spectra in 2,0 were collected at 10°C under the same
conditions with 7, of 250 ms, and decoupler irradiatingat 2.1 and 2.5
ppm, respectively. The HDO signal was presaturated in MINSY and
NOESY experiments.

2.2, Energy minimization and computer modeling

Using the parallel self-paired, two-fold symmetry, we constructed
two d(A;Cs), double helical structures hy rosating the strand d(A,C;)
of the duplex d(A.Cs)-d(G.T,) produced by AMBER {13-15]. The A-
tract self-pair bases were adjusted after rotation, based on the X-ray
data of CpA-proflavine complex [1,2]. While keeping the C*-C hemi-
protonated hydrogen bonding pattern unchanged, resembling the X-
ray structures [1,2,4,5], the glycosyl torsional angles of the A-A motif
were then set to anti (melecule A) and syn (molecule B), respectively,
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Fig. 1. (A) The scheme of C-tract. (B and C). The possible schemes of A-tract.

based on the indication by the experimental data thal there are two Lures were energy minimized using AMBER to arrive at two different
conformationally different and encrgetically similar favored structures refined structures, one parallel reverse Hoogstean self-paired duplex
co-existing in the solution, The glycosyl torsional angles are anti for and one paralle] reverse Watson-Crick sell-paired duplex.

the cytosinz residues for both molecule A and B. The all-aton struc-
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Fig. 2. 500 MHz 1H NMR specira of d(A,C;) in H,0 at pH 5.1. In the temperature range of 1-80°C. The left panel indicates the imino protons
from C*-C hemiprotonated pairs, and the right panel from the hydrogen bonded amino protons of C and A (Fig. 1).
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Fig. 3. 500 MHz 1H 2D-NOESY contour plol showing cross peaks
between M1’, H5 and base proton AH8/CHGs.

Fig. 4, Sterco views of molecule A and B.
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3. RESULTS AND DISCUSSION

The possible schemes of hydrogen bonding in the
parallel double helix of d(AsC;), are shown in Fig. 1.
The paraliel self-paired C-C, A-A structures in Fig, 1A
and B have been familiar since they were reported by
the first X-ray diffraction studies of polyadenylic acid
and polycytidylic acid respectively [3,4]. Fig. 1C shows
a possible parallel reverse Watson~Crick pair pattern
for A-tract. The structures in Fig. 1 are the results of the
energy minimizations. The A-tract structure in Fig. I1B
represents a reverse Ilccgsieen pair {molecule A) and
that in Fig. 1C represents a reverse Warson~Crick N1-
NG pair (molecule B).

1.1. Temperature and pH titration effects

Fig. 2 shows the 500 MHz 'H NMR spectra of
d(ACs) in H.O at acidic pH 5.1 in the temperature
range of 1-80°C. Five imino resonances are present
between 15-15.7 ppm at 1-10°C. These signals can arise
only from the hemiprotonated C*-C pairs since there is
no imino proton in both A and C bases. These are the
first reported direct experimental observation of hem-
iprotonated C*-C pairs under solution conditions. The
temperature profile of the imino protons of d(A:C;) at
pH 5.1 indicates that the duplex is stable up to 60°C
with three prominent imino signals between 15,4-15.6
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Fig. 5. (A) 1D-NOE slices through the base region for representitive
cytosine, (B) adenine (molecule A) and (C) adenine (molecule B).

ppm. The amino signals between 9-9.5 ppm that arise
from H-bonded amino protons of adenine and cytosine
are also present at 60°C. All amino protons, however,
disappear at 830°C. Increasing pH to 8.0 at 1°C and
d\ehcreasing pH to 2.5 at 10°C abolishes all imino signals.
This one expects because at pH 8.0 the cytcsine is no
longer hemiprotonated; at pH 2.5, the bases become
protonated and they can no longer form hydrogen-
bonded duplexes.

3.2. 2D NMR spectra and two stereochemically sound
structures

The complexity of the spectra, along with resonance
doublings (see later), does not enable us to present a
quantitative story, but several interesting and reliable
qualitative conclusions can be made. From Fig. 3 one
can easily isolate the chemical shifts of the AH8 and
CHBO6 since the C-region contains very strong cross peaks
between H6 and its neighbouring H3, in addition to the
cross peaks between H6 and H1’. This enables the latter
to be distinguished. The chemical shift of AHS’s are
confined to 7.76-8.10 ppm and that of CH6’s to 7.60-
7.76 ppm. For the A-region in Fig. 3 there are nine
chemical shifts with distinctive cross-peaks with H1’.
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Fig. 6. H8/HG-H3’ crosspeaks in NOESY and MINSY contour plots
observed for a mixing time of 250 ms at 10°C.,

This clearly indicates that there are two possible A-A
pairing structures, because if only one symmetrical
structure is present one would expect only five such
cross peaks. Non-symmetrical pairings were ruled out
by energy and stereochemical studies.

The two starting structures (molecule A, molecule B)
constructed (see section 2) have anti glycosyl torsional
angles for C-iracts and anti for molecule A and syn for
molecule B for A-tracts. After energy minimization
using AMBER [13~15], the cytosine tracts remained
unchanged at the anti glyzosyl condition for both struc-
tures {molecule A, molecule B); while the anti glycosyl
adenines (molecule A) remained unchanged, the syn
glycosyl adenines (molecule B) flipped back to anti and
the base pairing scheme changed from N6-N7 to N1-
N6. The stereo view of molecules A and B are shown
in Fig. 4A and B, respectively. A surprising result :1om
the energy minimization of molecule B is that the A-A
base-pairing pattern chonged from the reverse
Hoogsteen N6-N7 amino hydrogen bonding type to the
reverse Watsc.1-Crick N1-N6 amino hydrogen bonding
type while the C1’-C1’ distance expanded from 10.9 to
13.3 A. This is the second possibie structure to explain



Volume 306, number 2,3

A
M8
H6
M2 lH5
MMW Hi
B
H8 HS
HS M’
H2 J
*‘W"J WWJ
C
M
U
" 16.000  {4.022  12.008 1Q.000 @ @.g0¢@ @

FREQ (PPM >

Fig. 7. 1D NOE difference spectra of d(A,C;) in H,Q at 30°C. (A) The
amino resonance at 9.26 ppm, saturated. (B) The imino resonance at
15.52 ppm saturated. (C) The ceatrol spectrum.

the reronance doublings observed for AHS8 in the exper-
imental data. In the two energy-minimized structures,
both A-A and C-C tracts have slightly larger hydrogen
bond lengths near the A-C junction. This indicates that
both molecules bend in the junction. The two structures
are right handed, with a rise of 3.5 A and twist angle of
31e.

According to the structures that are presented in Fig.
4, the intra-residue proton distances between H8/H6(i)
and HIG) are in the range of 3.7-3.9 A, the inter-
residue H8(i) to H1’(i-1) is in the rar.ge of 3.6-3.8 A for
molecule B and beyond 4.7 A for molecule A. The H6(i)
to H1(i-1) is in the range of 4.3 A for both molecule B
and A. The CH6(6) to AH1’(5) distances are 4.4 and 4.6
A for molecule B and A, respectively, at the A-C junc-
tion. The structures would predict intra-residue H8/
H6(i)-H1'(i) cross peaks for both molecules A and B,
with inter-residue H8(i)-H1’(i-1) cross peaks and weak
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HO(i)-H1'(i-1) cross peaks for molecule B and very
weak inter-residue H8(i)-H1(i-1) cross peaks and weak
H6(i)~H1°(i-1) cross peaks for molecule A. The base-
H1’ cross peaks for the A-C junciion for molecule A
and B are both weak, with the B slightly stronger: these
are what were observed.

In Fig. 5A, B and C we show 1D NOE slices through
the base region for representitive cytosine, adenine
(molecule A) and adenine (molecule B), respectively,
and the data show streng NOF at HS for cytosine (Fig.
5A), average NOE’s at H1’ and different HI’ NOE
features for molecule A and B (Fig. SR and C). In Fig.
5 the observed NOE’s at the H2’, H2” region are en-~
tirely expected of these two structures, but the observed
relatively strong NOE’s at the H3’ region (H4’ also)
cannot be rationalized on the basis of the structures
because in these structures the distances between H8(i)
and H3'() are 4.5-4.8 A, and H6(i) and HM3°(i), 3.5-3.9
A. We believe that this originates via spin diffusion
through H2' and H2”. In order to verify this we pre-
formed a MINSY experiment {12]. The decoupler was
placed at 2.5 ppm and the decoupling power was such
that the entire H2’, H2" signals were irradiated. Fig. 6
shows HB8/H6-H3' cross peaks in NOESY and MINSY
contour plots observed for a mixing time of 250 ms at
10°C. The MINSY spectrum shows no H3’ cross peak.
This establishes that H8/H6 would transfer magnetiza-
tion to the H3' through spin diffusion mediated via the
H2’/H2” and to the H4" through H3".

3.3. NOE front the exchangeable imino and amino pro-
tons to the base protons

In Fig. 7 the amino resonance at 9.26 ppm and the
imino resonance at 15.52 ppm are saturated, there are
magnetization transfers at the CHS region at 5.9 ppm,
CHG6 region at 7.6 and 7.7 ppm, AH2 region at 7.58
ppm, AH8 region at 8.0 ppm and H1" region at 6.3 ppm
in both difference spectra. This indicates that magneti-
zation transfers exist between imino and amino, as well
as base, protons mediated through H-bonded N4H in
the case of C-tracis and through NGH in the case of both
A-tracts,

(i) In the case of the A-tracts the distance between
H-bonded N6H and the H8 across the strand is 2.5 A
for molecule A, while the distance between H-bonded
N6H and the H2 across the strand is 2.7 A for molecule
B (Fig. 1) so the magnetization from N6H can be trans-
ferred to the H8 and H2 for molecule A and B, respec-
tively.

(ii) In the C-tracts of the duplex structure the fixed
distance between the H-bonded N3H* and the hydrogen
bonded N4H protons is ~2.4 A; that between the non-
bonded N4H and CH5 is 2.5 A, and CH5 and CH6 2.4
A (Fig. 1), so if CN3H" is presaturated it would transfer
magnetization to the CHS5 through spin diffusion and
chemical exchange mediated via the H-bonded NH4
protons and to the CH6 through CHS.

227



Volume 306, number 2,3

(iii) The structures of the duplex are such that the
grooves in the C-tracts are aligned by the H-bonded
N4H’s separated from each other by 3.5 A. In the A-
tracts section the NoH are aligned along the same
groove separated from each other by 3.5 A for both
molecule A and molecule B. At the ApC junctions the
distances between the N6H of A and the N4H of C is
3.3 A for molecule B and 4.5 A for molecule A. The
grooves of the duplex structures present pathways for
the transfers of magnetization between the exchange-
able imino and amino protons to the base protons.
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