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ABSTRACT: Extensive studies using one- and two-dimensional '"H NMR at 500 MHz revealed that the
oligonucleotide d(CGCCGCAGC) in solution at 5 °C forms a double helix under conditions of high salt
(500 mM in NaCl, | mM sodium phosphate), low pH (pH 4.5), and high DNA concentration (4 mM in
duplex). The presence of very strong nuclear Overhauser effects (NOEs) from base H8/H6 to sugar H2',H2”
and the absence of NOE from base H8 /H6 to sugar H3’ suggested that the oligomer under these solution
conditions forms a right-handed B-DNA double helix. The following lines of experimental evidence were
used to conclude that C4 and A7 form an integral part of the duplex: (i) the presence of a NOESY cross-peak
involving H8 of A7 and H8 of G8, (ii) the presence of a two-dimensional NOE (NOESY) cross-peak between
H6 of C3 and H6 of C4, (iii) base protons belonging to C4 and A7 forming a part of the H8 /H6---H1’
cross-connectivity route, and (iv) the pattern of H8 /H6---H2',H2” NOESY cross-connectivity based upon
a B-DNA model requiring that both C4 and A7 form an integral part of the duplex. The possibility of
an A-C pair involving H bonds was also examined. Two possible structural models of the duplex at pH
4.5 are proposed: in one model A-C pairing involves two H bonds, and in the other A-C pairing involves
a single H bond.

Until very recently, structural studies on short DNA du-
plexes were restricted to self-complementary DNA sequences.

T This research is supported by a grant from the National Institutes
of Health (GM29787), the Deutsche Forschungsgemeinschaft (DFG-
SFBg-BS5), the Fonds der Chemischen Industrie e.V., and a contract from
the National Foundation for Cancer Research.
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By single-crystal and solution studies it has been shown that
self-complementary DNA sequences can exhibit a wide variety
of secondary structures while still retaining the Watson—Crick
base-pairing schemes. Structural morphologies of the A-, B-,
and Z-DNA have been understood in terms of the nucleotide
geometries (Conner et al., 1982; Drew et al., 1980; Shakked
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et al.,, 1981; Wang et al., 1979, 1982; Wing et al., 1980).
Recently it has been demonstrated by single-crystal (Ho et
al., 1985; Kennard, 1986) and solution studies (Kan et al.,
1983; Pardi et al., 1982; Patel et al., 1984a,b) that incorpo-
ration of wobble G-T/A-G pairs in place of the regular
Watson—-Crick G-C pair does not significantly alter the
morphologies of A-, B-, and Z-DNA. Very recently non-
Watson—Crick A-C pairs with two hydrogen bonds have been
shown to exist in the single-crystal structure of a DNA double
helix (Hunter et al., 1986). Solution studies of oligonucleotides
have so far failed to establish the nature of A-C pairing (Patel
et al., 1984a,b). In this paper, we examine the possibility if
A and C facing each other from opposite strands can really
be an integral part of the DNA double helix under solution
conditions.

MATERIALS AND METHODS

The deoxynonanucleotide d(CGCCGCAGC) has been
synthesized by the phosphoramidite method (Matteuci &
Caruthers, 1981) on a DNA synthesizer (Applied Biosystems
Model 380 A). The product was purified on a 4 X 250 mm
column of ODS-Hypersil (5 um) with a linear gradient of
0-80% acetonitrile in 0.1 M triethylammonium acetate (pH
7.0).

The two-dimensional correlated spectroscopy (COSY)
spectrum of d(CGCCGCAGC) in D,O at 15 °C (in 500 mM
NaCl, 1 mM sodium phosphate buffer, pH 4.5) was recorded
with the pulse sequence (RD-90°-#,-90°-Acq),. For each
of 512 ¢, values, 64 transients were recorded with 1024 data
points with relaxation delay RD = 1.0 s; HDO was presatu-
rated. The two-dimensional nuclear Overhauser effect
(NOESY) spectrum of d(CGCCGCAGC) in D,0 was col-
lected under the same solution conditions of the COSY ex-
periment. For NOESY, the pulse sequence was (RD-
90°-1,-90°-7,—-90°-Acq), with mixing time 7, = 200 ms,
other parameters being the same as in the COSY experiment.
Both COSY and NOESY spectra were recorded in the pure
absorption mode (States et al., 1982). Time domain data of
COSY and NOESY experiments were processed on a VAX-
11/750 computer; free induction decays were weighed with
an exponential multiplication factor of 10 Hz before Fourier
transformation.

SYSTEM UNDER STUDY

Two of the likely structural forms that will result from the
self-association of the non-self-complementary DNA d-
(CGCCGCAGQC) are shown in Figure 1. In one type, A7
and C4 facing each other on opposite strands loop out (Figure
1A) while in the other they form an integral part of the helix
(Figure 1B). In both arrangements the strands are antiparallel
and there is an internal 2-fold between G5 and C6 (Figure
1). Notice that in both arrangements the regular Watson—
Crick H bonds are between G’s and C’s, i.e., between G2 and
C9, C3 and G8, G5 and C6, etc. The distinguishing features
of the two structural arrangements are the spatial relations
of C4 and its neighbors C3 and G5 and of A7 with its
neighbors C6 and G8. We have employed 1D and 2D NMR
measurements at 500 MHz to elucidate the structural ar-
rangement of d(CGCCGCAGC) in the duplex state at pH
4.5. The reason for selecting pH 4.5 is explained later. The
unusual sequence d(CGCCGCAGQC) is selected to extend
oligonucleotide studies to possible natural genomic sequences.
The above sequence is the DNA analogue of helix II of 5S
RNA from Thermus thermophilus (Digweed et al., 1986).

SARMA ET AL.

€9::ii g Yegzzzzgp
G‘S s:-EcL 9‘8_ 5:C|3
A7 \c4 AL c14
€6 223265 | |

Cez=zz

26
0—‘—Internul 2- fold ——1—1 |
¢

6522z 06
/ \ 652222 C6
€ b C|4 !
|

C|35:-"Gl8 c|3 123368

|
G2 333309 62223209,
3 s 3

o .c1/
A B

FIGURE 1: Two possible structural arrangements of d(CGCCGCAGC)
duplex; in one arrangement (A) C4 and A7 loop out while in the other
(B) C4 and A7 are an integral part of the double-helix.

CoMMENTS ON THE PH USED IN THIS STUDY

A pH of 4.5 along with low temperature (5 °C), high salt
(500 mM NaCl), and high concentration of the oligonucleotide
(4 mM in duplex) was selected to promote the formation of
the double helix. The selection of low pH was motivated by
the observation of Hunter et al. (1986) that in crystals of
oligomers with AC mismatches the adenine N1 was proton-
ated, even though the crystallization was carried out at neutral
pH. There are several other observations in which, when
crystallization was carried out at neutral pH, the crystal
structure solved contained protonated species. For example,
Sundaralingam and co-workers (Sabat et al., 1985; Westhof
et al., 1980; Westhof & Sundaralingam, 1985) have observed
adenine N1 protonated ATP and a parallel CpA duplex in
which cytosine was hemiprotonated. Coll et al. (1987) reported
self-paired d(CpG) in which one of the cytosines was pro-
tonated. Wang et al. (1986) reported a crystal structure of
Hoogsteen GC paired oligonucleotide in which cytosine N3
was protonated.

These observations clearly suggest that even under neutral
pH conditions the tiny fraction of the protonated species that
is present in the solution nucleates crystallization of the pro-
tonated species. One may prima facie dismiss the biological
relevance of above protonated structures as well as the
structure in this paper because most of the biological systems
operate under neutral-pH conditions. However, the observa-
tion that crystallization even under neutral conditions results
in protonated structures clearly indicates that even at neutral
pH a small fraction of the protonated species is present in
solution and one cannot dismiss a role for them.

In order to create a condition close to crystal studies, in
NMR research one has to adjust the solution conditions. We
found that lowering the pH to 4.5 protonated adenine N1, thus
facilitating the formation of double hydrogen-bonded A-C
pairs [as has been reported by Hunter et al. (1986) in crystal
structural studies] as opposed to single hydrogen-bonded A-C
pairs involving neutral A (see top of Figure 7, later).

Our own studies at neutral pH under high concentration
and high salt clearly indicated that A and C from the opposing
strands are not an integral part of the helix and the confor-
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FIGURE 2: The 500-MHz 'H NMR spectra of d(CGCCGCAGC)
in the duplex state (temperature 5 °C, concentration of DNA 4 mM
in duplex in 500 mM NaCl, 1 mM sodium phosphate buffer, pH 4.5).
Chemical shift values (ppm) are with respect to the internal standard
TSP. For identification and assignment of signals, sce Figures 3-5
and Table I. (A) Spectrum recorded in H,O by use of a time-shared
long pulse sequence with a notch filter at 3750 Hz; number of scans
was 14000. The region of H-bonded exchangeable proton signals
involved in Watson—Crick G-C pairs is indicated. (B) Region of the
spectrum recorded in D,0 showing H8’s of G’s, H2 of A, and Hé6’s
of C’s. (C) Region of the spectrum in D,O showing the H1”s and
HS5's of C’s. (D) Spectrum in D,0 showing the H2’/H2"” region.

mation is significantly different from that at pH 4.5. At the
time this paper was being written, we had not been able to
completely solve the complex NOESY data at neutral pH. A
referee has raised the question about the structure at pH 5.5.
We have not collected detailed data at pH 5.5; but inspection
of the NMR titration profiles indicate a mixture of confor-
mations at pH 5.5.

ASSIGNMENTS OF PROTONS BELONGING TO THE
INDIVIDUAL NINE NUCLEOTIDES OF DUPLEX
d(CGCCGCAGC) IN SOLUTION

Figure 2A shows the 500-MHz 'H NMR spectrum of d-
(CGCCGCAGC) in H,0 at a low temperature (5 °C), in high
salt (500 mM NaCl, 1 mM sodium phosphate buffer, pH 4.5),
and at high concentration of the oligonucleotide (4 mM in
duplex)—conditions that highly facilitate the duplex formation.
The water spectrum shows the exchangeable proton signals,
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FIGURE 3: Cross section of the NOESY spectrum showing the
cross-peaks between the base protons H8/H6. Following the logic
of the text, the assignments are as follows: 8.36 (HS8 of A7), 8.02
(H8 of G2), 7.99 (H8 of GS5), 7.92 (H2 of A7), 7.65 (HS8 of G8),
7.59 (H6’s of C1, C4, and C9), and 7.43 (H6’s of C3 and C6). See
text for a detailed explanation.

expected to appear in Watson—Crick-type G-C pairs. The NH
signals are observed within 13.2-12.9 ppm belonging to three
G-C pairs, viz.,, G2-C9, C3-G8, and C5-G6, and perhaps
NI1*-H of A7 if the protonated A7 involved in base pairing
(see above); also present are the H-bonded -NH, signals at
9.8 and 8.5 ppm (McConnell, 1984). These sets of signals
disappear in a spectrum of the DNA in D,0O under the same
conditions, indicating that they occur as a result of base pairing
in the d(CGCCGCAGC), duplex. Figure 2B-D shows other
region of the NMR spectra in D,O for the same sample under
conditions identical with those in Figure 2A. Figure 2B shows
the regions belonging to base protons H8’s of G and A, H2
of A, and H6’s of C; Figure 2C shows the regions belonging
to H1”s and H5’s of C, and Figure 2D shows the H2'/H2"
region.

BASE PROTONS IN FIGURE 2B

Hé6’s belonging to C’s were identified by a COSY experi-
ment of d(CGCCGCAGCQC), in D,0; two cross-peaks were
observed: one between the signals at 7.59 (H6) and 5.90 (HS)
ppm and the other between the signals at 7.43 (H6) and 5.43
(HS5) ppm. This suggested that H6’s belonging to five C’s were
located at 7.59 and 7.43 ppm. Inspection of the cross-peak
intensity indicated that the COSY cross-peak at (7.59, 5.90)
is more intense than the one at (7.43, 5.43). On the basis of
this, we have concluded that three H6’s are located at 7.59
ppm and two at 7.43 ppm. The other five signals (at 8.36,
8.02,7.79, 7.92, and 7.65 ppm) should then belong to G’s and
A. In order to obtain the sequential assignment of the base
protons, NOESY measurement with a mixing time r, = 200
ms was conducted on d(CGCCGCAGC), duplex (in D,0O at
5 °C, 4 mM in DNA duplex in 500 mM NaCl, 1 mM
phosphate buffer, pH 4.5). Figure 3 shows a cross section of
the NOESY spectrum in which cross-peaks between base
protons are depicted.

In a B-DNA duplex, the H8/H6 of / and / + 1 residues are
about 4.5 A apart. However, H8(/) and H8(/ + 1) can show
NOESY cross-peak for a moderate mixing time 7, because
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FIGURE 4: Cross section of the NOESY spectrum showing the con-
nectivity among H8/H6’s and sugar H1”’s. Notice that H5’s of C’s
overlap with H1”’s. HS’s of C1, C4, and C9 are located at 5.90 ppm,
and H5’s of C3 and C6 are at 5.45 ppm (directly obtained from the
COSY experiment). The following should be noted for clarification.
(i) Terminal unpaired C1 is involved in two cross-peaks: one H6~
C1---H1’'-C1 (weak) and the other H1’'-C1---G8--G2 (overlapping
with the cross-peak H8-G2---HS-C3). (ii) H6---HS5 cross-peaks
of C showing up in this cross section do not form a part of the base
H8/H6 and sugar H1’ connectivity route. (iii) The cross-peak between
H6 of C9 and its H1” and the cross-peak between H1’ of C3 and H6
of C4 occur at the same ppm value, so much so that the horizontal
axis connecting C9 and C4 contains partially overlapping two routes.
(iv) Routes from H1’ of G2 to H6 of C3 and the route from H1’ of
G5 to H6 of C6 fall on the same base axis because C3 and C6 are
located at the same ppm value. Heavy lines indicate when routes
overlap.

of the presence of alternate (other than direct) pathways of
relaxation:

3A 8A A
H8/H6(/) — -2

H2(5) —=2»
Hé/HS8(i + 1)

Note that, for a pair of protons separated by a long distance
(~4.5 A), the higher order NOEs might appear in a NOESY
spectrum at a moderate 7, if the two protons are connected
by relaxation pathways involving short distances (~2 A).

H2 of A7 was assigned as the signal at 7.92 ppm, which gave
no NOESY cross-peak with any proton (base/sugar, see, for
example, Figure 4). One cross-peak in Figure 3 linked two
base protons belonging to two purines. The signals were lo-
cated at 8.36 and 7.65 ppm. The signal at 8.36 ppm was
assigned to H8 of A7 and that at 7.65 to H8 of G8 because
A7 and G8 are the only two purines adjacent in sequence. The
observed cross-peaks between purines can be rationalized only
on the basis of a B-DNA duplex in which A7 and G8 are part
of the helix and the cross-peak originates through the pathway
mentioned above. The specific assignment of the low-field
signal to A7 and the high-field one to G8 makes internal sense
during NOESY base~H1’ cross-connectivity walk (see later,
Figure 4). Also, the frequency distribution of H8 and H2 of
A7 is in accordance with the general occurrence of those
signals in A residues in several other oligonucleotide duplexes,
i.e., H2 of A occurring at a higher field than H8 of A. The

H2'())
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signals of 8.02/7.99 ppm belong to H8’s of G2/G5. The base
protons are accounted as follows: 8.36 (H8 of A7), 8.02/7.99
(H8’s of G2/GS5), 7.92 (H2 of A7), 7.65 (H8 of G8), 7.59
(H6’s of three C’s), and 7.43 (H6’s of two C’s). In a tight
B-DNA duplex of d(CGCCGCAGC),, H6’s of C3 and C4
are expected to show cross-peaks with each other following
the criteria mentioned above for A7 and G8. The precise
identification of cross-peaks between Hé6’s of C3 and C4 in
Figure 3 was not possible due to extensive overlap. However,
1D slices through 7.59 and 7.43 ppm revealed that the 7.43
ppm signal was a site of NOE from the 7.59 ppm signal and
vice versa. C3 and C4 being the only two C’s close in sequence
to produce a H6—H6 cross-peak, it followed that H6 of C3
is located at 7.43 ppm and Hé6 of C4 is at 7.59 ppm or vice
versa. The assignments of H6’s of C3 and C4 and hence the
distribution of other H6’s to the signals at 7.59 and 7.43 ppm
were arrived at in the following manner: As shown in Figure
3, H8’s of G2/GS (at 8.02/7.99 ppm) show cross-peaks with
the signals at 7.59 and 7.43 ppm. H6 of C3 is expected to
show a cross-peak with H8 of G2, and H6’s of C4 and C6 are
likely to show cross-peak with H8 of G5. Because the signal
at 8.02 ppm as well as the one at 7.99 ppm shows cross-peaks
with the signals at 7.59 and 7.43 ppm, Hé’s of C3 and C6
should be located at one site while H6’s of C1 and C4 ought
to be at the other site. As explained later, in order to mean-
ingfully interpret the cross-connectivity between H8/H6---H1’
and H8/H6---H2'/H2”, the signal at 8.02 ppm had been
assigned as H8 of G2, and the one at 7.99 ppm was that of
HS8 of G5. Once the locations of H8’s of G2 and G5 are
known, the H6’s of five C’s were readily assigned as H6’s of
C1, C4, and C9 at 7.59 ppm and H6’s of C3 and C6 at 7.43
ppm. Having assigned the H6’s to individual C’s, HS’s of C’s
were readily assigned, i.e., HS’s of C1, C4, and C9 at 5.90 ppm
and H5’s of C3 and C6 at 5.43 ppm (from the COSY ex-
periment).

Sucar ProTons H1’ aND H2'/H2”’s IN FIGURE 2C,D

Figure 4 shows the NOESY cross section showing the
cross-peaks between H8 /H6 and H!’. In a regular duplex (A
or B form) H8/HS is close to its own sugar H1’ (distance ~3.7
A) and to the sugar H1’ of the 5’-neighbor (distance ~3.0
A in B-DNA and 4.0 A in A-DNA); for example, in the
present case, H6 of C3 should be close to its own H1’ and to
H1” of G2. On the basis of this criterion, we are able to
sequentially assign all the base H8/H6 and sugar H1’ be-
longing to all the nine individual nucleotides of d-
(CGCCGCAGC) in the duplex state. The NOESY H8/
H6- - -H1’ connectivity route shown in Figure 4 is internally
consistent and is in agreement with base proton—base proton
cross-peaks in Figure 3. As is observed in the connectivity
route, C1 shows a very weak cross-peak with its own sugar
H1’ (as expected for a terminal residue). The cross-peak
between H1-C1 and H8-G2 is also expected to be weak;
however, the latter overlaps with the cross-peak between
H8-G2 and HS-C3, which is expected to be medium in in-
tensity as stated below. In addition, Figure 4 demonstrates
the spatial interaction between H8 of G2 and HS of C3, H8
of G5 and HS of C6, and H8 of G8 and HS5 of C9; i.e., there
are cross-peaks between signals at 8.02 (H8 of G2) and 5.45
ppm (HS of C3), between signals at 7.99 (H8 of GS5) and 5.45
ppm (HS5 of C6), and between signals at 7.65 (H8 of G8) and
5.90 ppm (HS of C9); in a regular duplex, for G-C sequence
the distance between H8G and H5C ~ 3.4 A.

Having assigned the nine individual H1”’s, corresponding
H2’/H2"” were assigned by monitoring the NOESY cross-
peaks between H1’ and H2’/H2” as shown in Figure 5.
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FIGURE 5: Cross section of the NOESY spectrum showing the
cross-peaks between H1”s and H2’/H2'”’s; except for one H2'/H2"”
signal at 1.85 ppm, all the expected cross-peaks are observed.
H2’---H2” cross-connectivity was established by examining the
relevant NOESY cross section. The assignment of H2" and H2" is
as follows: C1 (2.73, 2.73), G2 (2.30, 2.20), C3 (2.19, 2.55), C4 (2.28,
1.85), G5 (2.74, 2.74), C6 (2.28, 2.43), A7 (2.68,2.21), G8 (2.71,
2.43), and C9 (2.19, 2.19).

Table I lists the chemical shift values (in ppm) of the base
protons, H1” and H2’/H2” of nine nucleotides of d-
(CGCCGCAGQ) in the duplex state. Even though the general
positions of the H3’, H4’, H5'/H5" signals are apparent, no
attempt was made to assign these signals to individual nu-
cleotides.

Our assignment procedure was as follows: (i) Strong NOE
from H8/H6 to the H2’, H2” region and the absence of NOE
from H8/H6 to the H3’ region suggested that the oligomer
adopted a B-DNA duplex in solution. (ii) Hence, the NOESY
cross sections involving H8/H6---HI’ and HI'---H2',H2"
were interpreted in terms of a B-DNA model to arrive at a
sequential assignment of H8 /H6, H1’, H2” and H2” of the
nine residues; this was supplemented by the COSY data to
arrive at the assignment of H5’s of C.

There is an alternative approach that does not require the
assumption of any structure for assignment; the procedure
involves the following steps: (i) assignment of H1’, H2’, H2”,
H3’, etc. of each sugar from the COSY data; (ii) then, the
sequential assignment from the 'H-3!P coupling data, which
reveal the connectivity H3' (i - 1) — P({) — H5/H5"({) —
and so on.

We were unable to perform the latter procedure in view of
the fact that the F. Bitter National Laboratory, MIT (where
we conducted our experiment), at the present moment is not
equipped with a facility to conduct 'H-*'P correlated spec-
troscopy.

Figure 6 shows the base H8 /H6- - -sugar H2’/H2" cross-
peaks of d(CGCCGCAGC) in the duplex state. Strong NOEs
at H2'/H2” from H8/H6 bear the signature of a right-handed
double helix, i.e., either the A or the B form. The A and B
forms are distinguished from each other by a set of interproton
distances involving base H8 /H6 and sugar H2’/H2” and H3'.
In the A-DN A, the distance between base H8 /H6 and its own
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FIGURE 6: NOESY cross section of d(CGCCGCAGC), duplex
showing the H8 /H6---H2'/H2”. The assignment of H2’/H2" given
here is the one which is consistent with the right-handed B-DNA model
of d(CGCCGCAGQC); i.e., for a B-DNA model of the DNA, the
assignment of H2’/H2” as given made meaningful chemical sense.

sugar H2" is ~3.9 A, and a weak NOE is expected at sugar
H2’ from its base H8 /H6, but the distance between H8 /H6
of a base and sugar H2’ of its 5-neighbor is ~2.0 A, and thus
a strong NOE is expected from H8/H6 to the H2 of its
5’-neighbor. In addition in the A form base H8 /H6 and its
own sugar H3’ are 2.9 A apart, which should result in a
medium NOE from base H8/H6 to its own sugar H3’. In the
B-DNA, the distance between base H8 /H6 and its own sugar
H2’is ~2.4 A, and therefore, a strong NOE is expected from
base H8/H6 to its own sugar H2'; also, base H8 /H6 and sugar
H2” of the 5’-neighbor being 2.1 A apart, a strong NOE from
base H8 /H6 to sugar H2” of its 5’-neighbor is expected. In
the B-DNA, the distance between base H8/H6 and its own
sugar H3 is beyond 4.5 A, and thus a weak or no NOE is
expected from base H8 /H6 to its own sugar H3’. In summary,
the expected NOE pattern for the A form is strong NOEs
between base H8 /H6 and sugar H2” and medium NOEs be-
tween base H8/H6 and sugar H3’. For the B form, the ex-
pected NOE pattern is strong NOEs between base H8 /H6
and sugar H2'/H2” and a weak or no NOE between H8 /H6
and H3. For a detailed discussion of manifestation of the A
and B forms of DNA in the base-sugar NOE pattern, see
Gupta et al. (1985, 1986) and Sarma et al. (1986).

The NOESY spectrum of d(CGCCGCAGC) showed a
weak NOE between base H8/H6 and sugar H3’ (data not
shown); this rules out the possibility of the A form. Figure
6 displays a H8/H6---H2’/H2” NOE pattern quite charac-
teristic of the right-handed B-DNA.

The assignment of H2’, H2” given in Figures 5 and 6, Table
I, is the one that meaningfully explained the base H8 /H6- -
-H2’, H2” cross-connectivity on the basis of a B-DNA model
for the duplex d(CGCCGCAGQ).

It should be emphasized that even though we cannot prevent
diffusion from H2’ to H2” (in a given residue) under conditions
of NOESY (7, = 200 ms), this does not affect any of our
assignments or structural conclusions because we are not
measuring interproton distances (for quantitative purpose).
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Table I: Chemical Shift Values (ppm) of Signals in the Duplex
d(CGCCGCAGC), in Solution at 5 °C*

protons
residue ~ H6/H8  H2/HS  HI’  H2/H2”
Cl1 7.59 5.90 545 273,273
G2 8.02 590 230,220
C3 7.43 5.45 619 2.19,2.55
c4 7.59 5.90 567 228,185
GS 7.99 6.00 274,273
Cé 7.43 5.45 567 228,243
A7 8.36 7.92 619 2.68,221
G8 7.65 590 271,243
C9 7.59 5.90 6.19 219,219

?Chemical shift values are given with respect to TSP as an internal
standard.

Theoretically in B-DNA the connectivity pattern is H2'-base
H8/H6---H2” [(-) indicates intranucleotide; (- - -) denotes
5-neighbor]. This means that excluding the terminal residues
(5" and 3’) each of the base protons should have three cross-
peaks along the H2’/H2” axis provided H2" and H2” of the
same residue have different chemical shifts. In Figure 6 the
signature of B-DNA is observed. For example, in the case
of A7 in Figure 6 the first cross-peak is between A7H8 and
A7H?2’, the second one between ATH8 and C6H2”, and the
third one between A7TH2” and G8H8. The point we must
emphasize is that, because of H2” — H2” diffusion, along the
H2//H2" axis, one will always see cross-peaks for H2’ and
H2" corresponding to the same base proton; but the H2”
cross-peak will be isolated and will not make the required
connectivity, if the system is not B-DNA.

C4 AND A7 ARE AN INTEGRAL PART oF THE HELIX

The following is the summary of arguments in favor of our
hypothesis that C4 and A7 form an integral part of the B-
DNA duplex of d(CGCCGCAGOC) in solution: (i) Irrespective
of any assignment, the data in Figure 3 clearly showed a
cross-peak between two purines; this is only possible if purines
adjacent in sequence are also close in space as in B-DNA,; i.e.,
A7 (as per sequence) must be a part of the helix. (ii) Irre-
spective of any assignment the cross-peaks between two py-
rimidines in Figure 3 are possible only if C3 and C4 are close
in space as in B-DNA,; i.e., C4 forms a part of the helix. (iii)
In order to explain the connectivity pattern involving base
H8/H6 and sugar H1’ (Figure 4), it was obligatory that both
C4 and A7 formed an integral part of the helix. (iv) H8/
Hé6---H2’/H2"” cross-connectivity (Figure 6) was only con-
sistent with both C4 and A7 being a part of the helix and not
looped out.

Cross-peaks are observed in the d(GpC) sequence between
HB8 of G and H5 of C (distance H8 of G---H5 of C is ~3.4
A), see Figure 4. However, in the d(CpG) sequence the
distance HS of C---H8 of G is beyong 4.5 A, and no cross-
peak is expected between HS of C and HS8 of G.

PrOBABLE H-BONDED PAIRINGS BETWEEN A AND C

Even though it is clear that C4 and A7 are integral parts
of the double helix, it is of interest to examine if they indeed
form H-bonded pairs. In view of the fact that we are working
at pH 4.5, the possibility of A being protonated is very real.
Comparison of the D,O spectra of the oligomer at neutral pH
and at pH 4.5 indicated that H8 of A7 moved downfield by
about 0.3 ppm upon lowering the pH. This is consistent with
a recent report (Sowers et al., 1986) that upon protonation
(in the pH range 4-5) of A H8 moves downfield by 0.3 ppm.
When A7 is protonated at pH 4.5, a doubly H-bonded A-C
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FIGURE 7: 1D NOE spectrum of d(CGCCGCAGC) duplex in H,O
with other solution conditions same as in Figures 2—-6. Spectrum on
top shows NOE sites at two —NH signals with H2 of A7 as the site
of irradiation (7, = 200 ms, 20 dB); the control spectrum is also shown
at the bottom. The NOE:s at two sites within 13.2-12.9 ppm can be
explained by one of two ways: (i) A7 and C4 form a double H-bonded
A*=C pair with A being protonated at N1 as shown, or (ii) A7 and
C4 form a single H-bonded A-C pair with both A7 and C4 in their
neutral keto form. In A*==C pairs, two sites of NOE should originate
as ATH2 — ATN1%-H and as A7TH2 — A7N1*-H — G8N1-H (see
text). In A-C pairing, two sites of NOE are explained as ATH2 —
G5N1-H and as A7TH2 — G8NI1-H (see text). Under this experi-
mental condition along with H2 of A7, the neighboring signal, i.e.,
H8’s of G2 and GS, is partially irradiated due to an unavoidable
radio-frequency spill. This results in the observation of NOEs (ap-
pearing as the shoulder near the site of irradiation) at H6’s of C3
and C6. We did not have the capability to perform a NOESY of
d(CGCCGCAGC) in H,0 such that these artifacts could be removed.
Also included in the diagram are the pairing schemes involving C4
and A7, which would explain the data (see text for details).

pair of the type shown in Figure 7 is expected to be present.
If this doubly H-bonded species is present, in the water
spectrum we should be able to isolate the hydrogen-bonded
imino proton of the protonated A in the ~13 ppm range. The
water spectrum in Figures 2A and 7 at pH 4.5 show that we
have been unsuccessful in locating the expected resonance
unequivocally even though the expected resonance could be
merged with the GN1~H resonances in the 13.2-12.9 ppm.
We have attempted to decipher the resonance by comparing
the water spectra of the oligomer at pH 7.0 and 4.5. At these
two pH values, not only the state of protonation of A7 but also
the 3D structures of the oligomer are different. Hence, one
cannot use this approach to decipher profitably the position
of N1*-H of A7 (if any) at pH 4.5. The details of our studies
on d(CGCCGCAGC) at pH 7 will be reported at a later time.

There are two very distinctive features that emerge when
A*=C pairs are incorporated inside the core of a B-DNA
double helix: (i) in the A*==C pair (Figure 7), H2 is only 2.5
A apart from N1*-H of A, and (ii) in the double-helix, N1*-H
of A7 is about 3.4 A away from N1-H of G8 (see later in
Figure 9).

We tried to determine the proximity of these interproton
distances by conducting an 1D NOE experiment on d-
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FIGURE 8: Stacking arrangement of various doublets in the B-DNA
model of d(G2-C3-C4-G5-C6-A7-G8-C9), in which A*=C pairs are
present and C4 and A7 form an integral part of the double helix. For
conformational parameters of the model, see Table II. In the doublet
<AT &>, N1* of A7 is about 3.4 A away from N1-H of the G8-C3
pair, which is consistent with the NOE data (Figure 7). A view along
the helix axis is available from the authors.

(CGCCGCAGC), in H,0 at pH 4.5 at 5 °C. In the exper-
iment we irradiated H2 of A7 and monitored NOEs in the
H-bonded —-NH region. Figure 7 shows the results of such
an experiment. NOE is observed at two sites in the -NH
region. This is consistent with two H-bonded A*==C pairs:
the stronger site of NOE is from H2 to N1*-H in A7 (Figure
7), and the second one originates as a second-order NOE as
H2(A7) — NI1*-H(A7) — N1-H(G8) (see the doublet
<Al €4> in Figure 8).

There is an alternate scheme of single H bonding between
C4 and A7 that could also explain the 1D NOE data of Figure
7. In this H-bonding scheme (Figure 7), both C and A are
in neutral keto form and have only one H bond. In a B-DNA
duplex when A-C pairs form the core of the structure there
could be two direct NOEs from H2 of A7, i.e., H2 of A7 to
NI-H in G5-C6 and H2 of A7 to N1-H in G8-C9 (the distance
is ~3.4 A; see Figure 9 for details).

In the water spectra in Figure 7, at the AH2 position, some
NH2 resonances are present. Hence, some of the observed
magnetization transfer from AH2 to NH resonances originates
from amino proton transfer. This explains why the observed
NOE:s at NH appear larger than one would expect for adenine
H2 irradiation. Because we are not doing actual distance
measurements in this instance but only checking the proximity
of AH2 to other protons, our conclusions are not compromised.
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FIGURE 9: Stacking arrangement of various sequences as viewed down
the helix axis for the B-DNA meodel containing d(G2-C3-C4-GS5-
C6-A7-G8-C9), in which C4 and A7 form an integral part of the helix
without any major distortion in the rest of the helix. We did not
attempt to determine nucleotide geometry of the dangling C1, and
hence, this is not included in the diagram. In this model, there is a
small difference in the stacking arrangements of the doublets of
<$ 8§> and <§% 2> even though both involve G-C sequences: In
the <G% &> sequence the separation between the bases along the helix
axis is 3.4 A (an optimum base—base distance for substantial geometric
overlap) while in the <& 38> sequence the separation between the
bases along the helix axis is 3.2 g As a result, in <§5 85> there is
a subatantial geometric overlap between G5 and C6. While in the
<& 38> sequence there is a sliding between the base planes of G2
and C3 to allow favorable stacking. A view along the helix axis is
available from the authors.

B-DNA MobEL FoR DUPLEX d(CGCCGCAGC) IN
SoLuTiON DERIVED FROM NMR DATA

Molecular modeling was performed for the duplex involving
(G2-C3-C4-G5-C6-A7-G8-C9), subject to the following
constraints: (i) there are spatial interactions of H8 /H6 in the
neighboring bases (distances being kept within 5 A) (Figure
3); (ii) there is interrelation between H8/H6 and H1’; i.e., the
distance between H8 /H6 of a base and its own sugar H1’ fixed
within 3.5-4.0 A and the distance between H8/H6 and sugar
HY’ of its 5’-neighbor is ~3.0-3.7 A (Figure 4); (iii) distances
between H8 of G2 and HS of C3, H8 of G5 and H5 of C6,
and H8 of G8 and H5 of C9 are kept around 3.5 A (Figure
4); (iv) there is very close proximity between H8 /H6 and
H2 /H2"; i.e., H8 /H6 of a base and its own sugar H2’ distance
is 2.4 A while H8/H6 and sugar H2” of the 5'-neighbor being
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Table II: Torsion Angles (deg) of the Duplex
d(G2-C3-C4-G5-C6-A7-G8-C9), in Solution®

residue a B8 % [ € £ X

G2 50 135 215 210 260
(50) (130) (222) (220) (250)

C3 306 144 45 140 230 224 262
(294) (166) (45) (153) (205) (225) (260)

C4 309 136 37 130 221 220 250
(317) (148) (38) (135) (221) (214) (247

GS 312 138 40 125 222 218 242
(311) (144) (41) (144) (222) (212) (245

C6 314 140 40 135 222 216 252
(313) (144) (41) (144) (222) (214) (242)

A7 312 152 37 140 222 228 250
(317) (152) (40) (140) (191) (219) (257

G8 312 146 45 140 207 219 243
(328) (148) (42) (144) (212) (220) (256)

C9 313 141 42 141 235

(314) (154) (43) (145) (212) (220) (250)

9For definition of the torsion angles, see Saenger (1984). The at-
omic coordinates can be obtained from the authors upon request. The
values within the parentheses correspond to the B-DNA model with
single H-bonded A-C pairs (Figure 9).

2.1 A (Figure 6); (v) G2 and C9, C3 and G8, and G5 and C6
form regular Watson—Crick pairs while C4 and A7 form a
single, two H-bonded A-C pair as in Figure 7.

Figure 8 shows the successive base pairs in the duplex down
the helix axis, i.e., the doublets

G2 C9 C4 A7, (C4 A7
Cc3 G8 C3 G8 G5 C6

G5 C6

c6 G5~

< > < > <
The model satisfies all the criteria required by the NMR data
and is free of any steric compression. It can be seen from the
figure that that A*=C pairs are incorporated in the model
with a minimum distortion in the double helix; i.e., as in a
regular B-DNA duplex, the bases are perpendicular to the
helix axis and situated close to the helix center with adjacent
base planes separated by about 3.2-3.5 A and rotated by about
32°-38°.

Figure 9 describes the alternative B-DNA model of d(G2-
C3-C4-G5-C6-A7-G8-C9), with C4 and A7 involved in a
single H-bonding scheme (Figure 7). In this model, too, both
C4 and A7 form an integral part of the B-DNA duplex. In
the model all eight residues belong to average (C2’-endo,anti)
conformation in accordance with the NOE data. Notice that
H2 of A7 is close to N1-H of G5 and G8, which would explain
the 1D NOE data of Figure 7.

Table II lists the conformational parameters of two B-DNA
models for d(G2-C3-C4-G5-C6-A7-G8-C9), as described in
Figures 8 and 9. It is evident from the table that, even though
all eight nucleotides belong to the C2’-endo,anti domain, their
conformations are not exactly the same. In other words, for
molecular model building the conformation of each residue
was varied within the C2’-endo,anti domain to arrive at the
final model; however, in the final model the conformations of
C4 and A7 (involved in A-C pair) are not significantly dif-
ferent from those of G2, C3, G5, C6, G8, and C9 (involved
in Watson—Crick G-C pairs). This is a clear demonstration
that A-C pairing could be stereochemically accommodated in
a B-DNA duplex model of d(CGCCGCAGC), in solution
without any major distortion in the rest of the helix.

The structures described in Figures 8 and 9 are repre-
sentative working models that are consistent with the NMR
data of Figures 1-7. The refined model could be obtained by
simulation of theoretical NOESY data for a given model with
respect to experimental NOESY data at various mixing time.
Efforts are in progress in this direction in our and other lab-
oratories.

SARMA ET AL.

DiIsCUSSION

In summary, the NMR data on the d(CGCCGCAGC),
duplex give direct evidence that C4 and A7 form an integral
part of the B-DNA duplex and they are not definitely looped
out. It is encouraging to note that the A*=C pairs have been
implicated (Hunter et al., 1986) for the single crystal structure

of

5-C-G- -A-A-T-T-[C]-G-C-G- 3

3-G-C -g--T-T-A-A--g-g-g-:’
An interesting observation can be made on the basis of our
solution structure of the d(CGCCGCAGC), duplex and the
dodecamer duplex in the single crystal (Hunter et al., 1986).
In both cases, A-C pairs are surrounded by a host of regular
Watson—Crick pairs that might help the helix adapt to a single
Watson—Crick base pair replacement by a non-Watson—Crick
pair. This hypothesis is strengthened by the observation that
the tridecamer d(CGCAGAATTCGCG) forms a duplex
without A-C pairs in crystal (Saber et al., 1986); i.e., the
tridecamer forms a duplex as

fA\
c” G-
G---c-

5'-C-G-
3'-G-C-

with A being looped out rather than a structure with A-C pairs

as in
5-C-G-C- --A--T- - -G-C-G-3
3-G-C-G-{CHT|-T-|A]-A-|g]-|A]-C-G-C-5’
The latter arrangement with A-C pairs also involves the for-
mation of non-Watson—-Crick G-T and A-A pairs, which might

significantly reduce the probability of such a structure oc-
curring in a crystal form or solution.
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ABSTRACT: A hairpin structure contains two conformationally distinct domains: a double-helical stem with
Watson—Crick base pairs and a single-stranded loop that connects the two arms of the stem. By extensive
1D and 2D 500-MHz 'H NMR studies in HyO and D,0, it has been demonstrated that the DNA oligomers
d(CGCCGCAGC) and d(CGCCGTAGC) form hairpin structures under conditions of low concentration,
0.5 mM in DNA strand, and low salt (20 mM NaCl, pH 7). From examination of the nuclear Overhauser
effect (NOE) between base protons H8/H6 and sugar protons H1’ and H2’/H2", it was concluded that
in d(CGCCGCAGC) and d(CGCCGTAGC) all the nine nucleotides display average (C2’-endo,anti)
geometry. The NMR data in conjunction with molecular model building and solvent accessibility studies

were used to derive a working model for the hairpins.

Self—complementary DNA oligomers, in general, adopt
double-helical structures. Double helices are stabilized by
Watson—Crick base pairing, intra- and interstrand stacking,
and favorable backbone and base-backbone conformations.
The double-helical structures of self-complementary DNA
oligomers are formed only when negatively charged phosphate
ions are neutralized by counterions of salt and when the
concentration of DNA is sufficiently high such that every
oligomer finds its complementary partner. But high salt and
DNA concentration are not merely enough to form a double
helix; the temperature should also be significantly lower than
the melting temperature T, of the corresponding oligomer.
Thus, salt, DNA concentration, and temperature are three
physical features that are often altered to monitor helix — coil
transitions. It has been recently (Haasnoot et al., 1983, 1986;
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Orbons et al., 1986) reported that in the pathway of helix —
coil there could be a structural intermediate for self-comple-
mentary DNA oligomers. In other words, at a particular salt
and DNA concentration and within a small range of tem-
perature it has been observed that oligomers display a novel
kind of structure called the “hairpin” (Haasnoot et al., 1983,
1986; Orbons et al., 1986). A hairpin structure contains two
distinct domains—a double-helical stem with Watson—Crick
paired bases and a single-stranded loop that joins the two arms
of the stem and the stacking interaction of the bases in the
loop and at the junctions between the stem and the loop
(Haasnoot et al., 1986). The possibility of the formation of
a hairpin structure as a stable thermodynamic entity is
markedly enhanced for non-self-complementary DNA oli-
gomers because mismatch pairs significantly lower the stability
of a rigid duplex under ordinary conditions of salt and DNA
concentration. In this paper, we discuss the identification and
the stereochemical characterization of hairpin structures as
obtained for two non-self-complementary DNA segments each
nine nucleotide long; these DNA segments are DNA analogues
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