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Abstract The title oligonucleotide and many related dodeca-
mers have been extensively studied alone and as DNA-drug
complexes. In practically all cases they were found to crystallize
in the same space group, stabilized by interactions among the
terminal guanine bases. Here we report new packing interactions
(R3) in the presence of Ca>*. The oligonucleotides interact by
placing their terminal guanines in the narrow groove of a
neighbor molecule, an interaction which had never been found in
dodecamers.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

The determination of the structure of the dodecamer
d(CGCGAATTCGCG) was a milestone in structural biology
[1] since it confirmed unambiguously the double helical model
of B-DNA and at the same time showed many details of its
structural variability [2]. Since then the structure of this oli-
gonucleotide has been determined under different conditions
[3-5] and at a higher resolution [6]. Furthermore this oligo-
nucleotide has been used to establish the structure of about 20
oligonucleotide-drug complexes [7]. Thirty oligonucleotides
with a related sequence have also been studied [7]. In all these
cases, the dodecanucleotides have been found to crystallize in
P2,2,2; and related space groups, usually with Mg?* as a
counterion. The crystalline matrix is stabilized in a very spe-
cific manner by guanine-guanine interactions among the two
terminal base pairs of each molecule.

In our laboratory it was found [8,9] that several related
sequences such as d(CGCTCTAGAGCG), d(CGCAAATTT-
GCQG) and d(CGm-CTTTAAAGCG) could crystallize in the
R3 space group, but crystals diffracted up to rather low res-
olution. Recently we have been able to obtain crystals of the
classical d(CGCGAATTCGCG) dodecamer in the same R3
space group and in a similar unit cell, using a rather high
concentration of calcium ions. The resolution was limited,
but higher than in previous cases [8,9]. In this paper, we
present the results obtained.

2. Materials and methods

Crystals of the title compound were obtained in a hanging drop
containing dodecamer, 0.2 M CaCl,, protamine, MPD and cacodylic
acid as buffer, equilibrated against a reservoir with a higher concen-
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tration of MPD at 20°C. Protamine was not essential to obtain suit-
able crystals. Similar crystals of the various dodecamer sequences
mentioned above [8,9] were grown in the presence of either Mg?* or
Ca®*, in some cases with small polypeptides or drugs. Interestingly,
the dodecamer d(CGCTCTAGAGCG) was crystallized in the R3 unit
cell in the presence of Mg [9], but in a P2; unit cell [10] in the
presence of Ca?*, just the opposite behavior to that reported here
for the title compound.

The X-ray diffraction data of the title compound were collected up
to 2.5 A, giving 1262 I>0 unique reflections with Ry, 11.0% in the
resolution range 18-3.0 A (95.7% complete). The space group and cell
parameters are R3, a=b=41.96, ¢=101.40A, corresponding to nine
duplexes in the unit cell or one in the asymmetric unit. Occasionally
crystals with a lower symmetry (P3;) were obtained with the same unit
cell dimensions. The structure was determined by the molecular re-
placement method with the AMoRe program [11] using the central
decamer of Dickerson structure [1] as searching model. Then the two
terminal base pair sets d(CGC) and d(GCG) of the solved structure of
d(CGCAATTGCG) [12] were fitted into the solution. Crystallo-
graphic refinement of the model with X-PLOR [13] program resulted
in R 19.3% and Rgee 23.5%. The two disordered terminal cytosine
residues are excluded from the model. One calcium ion and 15 water
molecules were also included in the asymmetric unit. Coordinates
have been deposited in the Nucleic Acid Database (Accession Code:
HPUB) [7].

3. Results

In each dodecamer molecule only the central decamer has
the standard B-form, as shown in Fig. 1. These central deca-
mers pack as infinite columns, although they do not form
pseudo-continuous helices. The twist angle between consecu-
tive decamers is about —75°. The terminal base pairs at both
ends of the molecule are disrupted in such a way that the
guanine is tightly packed inside the minor groove of the neigh-
bor dodecamer. On the other hand the terminal cytosines are
highly disordered and have not been detected in the electron
density map, even the phosphate group of GUA2 is missing
on the map. This mode of interaction had already been found
by Spink et al. [12] in a decamer. The latter authors also
found that the terminal cytosines were highly disordered.
Here we describe for the first time this type of interaction in
a dodecamer. All dodecamers with a CG starting sequence
previously crystallized are stabilized by guanine-guanine inter-
actions which do not disrupt the terminal Watson-Crick base
pairs.

Molecules in the same layer of the unit cell are packed in a
pseudo-hexagonal manner, as shown in Fig. 2. A similar pack-
ing arrangement had been described long ago for double hel-
ical RNA fibers [14]. Each molecule is related by ternary axes
with its neighbors. As a result, short phosphate-phosphate
distances are found between the reference dodecamer (the
central one) and two of its neighbors. Fewer contacts are
found with two other neighbors and no contacts with the
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Fig. 1. A: Stereo view showing the packing of duplexes along the ¢ direction. The calcium ion is indicated as a black dot. Central decamers
form infinite columns and the terminal guanines (shown in heavy trace) pack tightly inside the minor groove of the neighbor duplex. Terminal
cytosines are disordered and not shown. Each column is located on a 3, axis. Note the close contacts of some phosphate groups. B: Labeling

scheme of the title compound.

other two. Short phosphate-phosphate distances indicate the
presence of either ordered or disordered cations in their neigh-
borhood and therefore can be considered as a stabilizing fac-
tor of the packing arrangement shown in Fig. 2. One calcium
ion was found to be present on the ternary axis among those
three molecules which have the largest number of contacts
and have phosphate-phosphate distances as short as 5.28 A.
The calcium-oxygen distance is 2.31 A. Besides, among those
three molecules with a largest number of contacts, hydrogen
bonds are also found between O6 (GUA12) of one molecule
and O1P (GUA12) of a neighbor. At the other two symmetry
related layers (above and below the layer shown in Fig. 2),
there are also the same close phosphate contacts and hydro-
gen bonds, but arranged around different ternary axes, which
thus keep the whole crystal packing stabilized.

4. Discussion

The new packing arrangement found here was due to the
use of Ca?" instead of Mg?" in the crystallization solution.
There are several reports showing that the change in counter-
ions gives different packing arrangements in oligonucleotide
crystals [8-10,15,16]. Calcium ions are usually hydrated and
are often found in the narrow groove [15-17]. The compara-
tively low resolution of our data does not allow us to locate
any ions in the narrow groove, but they might also be present.

In other cases, the calcium ions play an essential role in the
packing interactions among terminal phosphate groups, either
by direct interaction with the phosphate oxygens [10] or
through their waters of hydration [18]. In our case it appears
that one calcium ion also plays a role in stabilizing the pack-
ing arrangement, as shown in Fig. 1. When all these data are
taken together, it is evident that the use of either Mg or
Ca?* may result in different packing arrangements of oligo-
nucleotides upon crystallization, but it does not appear pos-
sible to predict packing as a function of the crystallization
conditions. It is also not clear why in some cases the calcium
ions are only found in the narrow groove, whereas in other
cases they play a role in the packing interactions among differ-
ent oligonucleotide molecules.

Comparison with the standard Dickerson dodecamer [1] is
shown in Fig. 3. It is apparent that the central decamer has a
structure very similar to that found in the original dodecamer
(as confirmed by NEWHELIX, results not shown), only the
two terminal base pairs have a different arrangement. In Dick-
erson’s case, the two neighbor duplexes in the same column
are related by a 2; axis, that is essential for the specific gua-
nine-guanine interaction. In our case, three consecutive du-
plexes in the same column are related by a 3, axis and adopt
a new guanine-minor groove interaction.

The end-to-end interaction of the dodecamers in the R3
space group is similar to that found in decamers [12] with
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Fig. 2. The pseudo-hexagonal arrangement of molecules at the same layer of columns. Black triangles show the positions of ternary axes which
are perpendicular to the projection plane. Three different sets of molecules around each ternary axis can be seen. Dotted lines represent close
phosphate contacts with a distance less than 7.0 A. The three molecules around the origin show the closest contacts (5.28, 6.28 and 6.79 A).

The calcium ion coincides with the ternary axis in this projection.

the same CGC terminal sequence. In retrospect this is not
unexpected. In the decamers the upper end is displaced eight
base pairs from the lower end and interacts with the next
molecule, which is rotated 180° due to the binary screw
axis. In the dodecamers, the presence of two additional base
pairs in the central decamer region requires that the following

dodecamer should be rotated 180°+2X36°=252° in order to
show the same interaction. In the R3 space group the rotation
is 240°, which is close to this expected value. The difference of
12° can be accommodated by small changes throughout the
whole molecule.

In view of this situation it is surprising that the R3 packing

Fig. 3. Comparison of the R3 structure with the standard Dickerson dodecamer. Both central decamers were fitted with the X-PLOR program.
Thick lines represent the R3 structure. No significant variation is observed in the central decamers.
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in dodecamers has not been described before, in view of the
large number of oligonucleotides with this terminal sequence
which have been crystallized [7]. A likely explanation is that a
low resolution is usually found [8,9] in dodecamers crystal-
lized in this space group and the results which other investi-
gators might have found have not been reported.

In summary our results show that the structure of the cen-
tral decamer is not strongly influenced by packing forces,
which gives confidence to the B-form parameters calculated
for the crystalline structure either alone or in the presence of
drugs. Furthermore we have demonstrated that the guanine-
minor groove interaction described by Spink et al. [12] can
also be found in dodecamers.
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