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Abstract: DNA oligonucleotides can be used in order to assemble highly structured materials. Oligonucle-
otides with sticky ends can form long linear structures, whereas branching is required to form two- and
three-dimensional nanostructures. In this paper, we show that when Ni?" is attached to the N7 atom of
guanine, it can also act as a branching point. Thus, we have found that the heptanucleotide d(GAATTCG)
can assemble into long linear duplex structures, which cross in space to generate a cubic structure. The
three-dimensional arrays are stabilized by phosphate—Ni?*—guanine interactions. For the first time, the
crystallization of a B form DNA oligonucleotide in a cubic system is reported, space group /23. Large solvent
cavities are found among the DNA duplexes.

Introduction specifically with guanine residues at their exposed minor groove
N7 atom. For this interaction to take place, guanines must be
at the end of the oligonucleotide sequefcEwo kinds of
‘duplex—duplex interactions are possible: guanimg2t—
phosphateand guanine Ni>*—guanine®

Considerable efforts have been developed in order to design
nanostructures based on DNA duplexes. In one approach
recently reviewed by Wagenknechtydrogen-bonding interac-
tions are replaced by metal-mediated molecules, which mimic
the base pairs. The modified DNA duplexes often have a much We present the crystal structure of the heptamer duplex
higher thermal stability. The DNA serves simply as a structural d(GAATTCGY), in the cubic systeni23 in the presence of Ri
framework. In this approach, the objective is to obtain aligned ions. The oligonucleotide was designed with an extra guanine
metal centers in order to prepare nanodevices with novel electric/residue at the '3end in order to form guanineNi?*—guanine
magnetic properties. bridge$ which were expected to give a high stability to the

In another approachthe sequence specific base pairing crystal. However such bridges did not form; instead we obtained
features of DNA duplexes are applied to obtain different types @ cubic structure with guanireéNi2*—phosphate interactions
of constructions and nanomachines. Oligonucleotides are usecamong neighbor duplexes. Each duplex has a double interaction
which form double helices and have single-stranded overhangs.with one duplex from a neighbor column. Duplexes stack end-
The overhangs act as “sticky ends” which may pair with other to-end in pseudohelical columns stabilized by thaeBminal
similar molecules which have complementary sticky ends. The guanine which sticks with the minor groove of the next duplex.
complementarity is based in the classical base pairing schemeThe columns run through the whole crystal in four different
A with T and C with G. An important feature of this approach directions; there is no interpenetration of the DNA duplexes. It
is the need to obtain branched molecules which allow the should be noted that, in other cases in which DNA columns
assembly of DNA in three dimensions, a goal which is easily ¢ross each other in space, a different organization is found: the
achieved by using appropriate combinations of sticky ends.  pelical grooves interpenetratestablishing strong interactions

In this paper, we use a different kind of sticky ends and which stabilize the crystal structure.
branching points to build a cubic array of DNA double helices.

An unpaired guanine at the end of a duplex may work as a (3) (a) Spink, N.; Nunn, C. M.; Vojtechovsky, J.; Beeman, H. M.; Neidle, S.

sticky end by minor groove bindingAs branching points, Biochemilstryl.S?QS 34, 10767-10771. (b) Minasov, G.; Tereshko, V.; Egli.
oy : : B 24 NE M. J. Mol. Biol. 1999 291, 83—99.
Ni?f—guanine interactions are used.?Niand C&* interact (4) Gao, Y. G.; Sriram, K. Wang, A. H. Bucleic Acids Re.993 21, 4093
4101.
+ Uni\_/ersitat P_olife_nica de Catalunya. 5) g\gg%%g N. G. A.; Malinina, L.; Subirana, J. A. Mol. Biol. 1999 294
* Institut de Biologia Molecular de Barcelona (IBMB-CSIC). (6) (a) Subirana, J. A.; Abrescia, N. G. Biophys. Chem200Q 86, 179~
8 |nstitut Pasteur. 189. (b) Abrescia, N. G. A.; Malinina, L.; Fetndez, L. G.; Huynh-Dinh,
(1) Wagenknecht, H.-AAngew. Chem., Int. EQ003 42, 3204-3206. T.; Neidle, S.; Subirana, J. Alucleic Acids Res1999 27, 1593-1599.
(2) (a) Seeman, N. Nature2003 421, 427-431. (b) Seeman, N. Chem. (c) Yang, X.-l.; Robinson, H.; Gao, Y.-G.; Wang, A. H.Biochemistry
Biol. 2003 10, 1151-1159. 200Q 39, 10950-10957.
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Table 1. Crystallographic and Refinement Statistics
crystal 1 crystal 2 inflection merged
peak peak point remote data®
Crystallographic Data
A 1.000 00 1.484 75 1.485 63 1.311 555
cell parameter, (A) a=70.87 a=70.87 a=70.87 a=70.87
(+0.01) (+0.01) (£0.01) (+0.01)
space group 123 123 123 123 123
resolution range (A) 252.80 25-2.90 25-2.90 25-2.90 22.4-28
(2.90-2.80) (3.00-2.90) (3.00-2.90) (3.00-2.90) (2.95-2.81)
unique reflections 2644 2454 2532 2561 1491
overall redundandy 4.1 18.9 18.4 18.3
Rsym (overall/last shell) 0.024/0.299 0.058/0.761 0.054/0.610 0.052/0.639 0.095/0.273
completeness 93.4/54.3 95.6/88.5 99.2/93.3 99.5/100 97.4/82.8
(overall/last shell)(%)
Refinement Data
no. of reflections 1388
Ruork/Riree® (5% data) 0.282/0.264
asymmetric 1 duplex
unit contents 4 Nzt
20 waters

Weighted Mean 27.2

PhaseError

a Statistic from the four wavelengths merged using XPREP, with Friedel opposites mefigeel reflections registered divided by the number of unique
reflections. Rsym(l) = Yna 3jlj(hkl) — D(hKN)IVY a3 jlj(hkl) calculated for the whole data séty nl|Fo(hkl) — K|Fc(hkl)||/3hkI|Fo(hK])|. ¢ R factor of

reflections used for cross validation in the refinement.

Materials and Methods

Synthesis and Crystallization.The deoxyoligonucleotide d(GAAT-
TCG) was synthesized as the ammonium salt on an automatic
synthesizer by the phosphoramide method and purified by gel filtration
and reverse phase HPLC. Crystals were grown by vapor diffusion at
20 °C in a hanging drop containing 0.5 mM DNA duplex, 20 mM
sodium cacodylate buffer, pH 6.5, 5 mM NiCland 10% MPD,
equilibrated against a 20% MPD reservoir. Cubic shaped crystals of
approximately 15Q:m appeared in about 2 weeks.

Data Collection and Structure Determination. Crystals were flash-
cooled at 120 K, and diffraction was collected at the ESRF synchrotron
beamline BM14 on a MarCCD detector. Data from two different crystals
were measured: crystal 1 was collected at 1.00 A and diffracted
to a maximum resolution of 2.8 A. Crystal 2 was collected up to 2.9
A at three different wavelengths in order to use MAD wittiNas the

heavy atom. Wavelengths were recorded from a fluorescence spectrum
measured from the crystal (Table 1). The data were integrated and scaled

with the HKL suite® The space group turned out to be culfi8, with
a=70.87 A for both crystals. As crystal 1 achieved a higher resolution,
data from the two crystals were scaled together by using XPREE
reflections obtained were used for structure determination. Initial phases
were obtained by multiple-wavelength anomalous dispersion (MAD)
with the programs SHELXE and SHELXE!! Four NP atoms were

clearly detected (their final occupancy is 0.7). Best maps appeared when

50% solvent was used, and then an ideal B DNA duplex model of
GAATTC (Guanine terminal missing) was fitted into the density with
the program XtalView? The model was then refined using the MAD
phases with the program REFMAE®f the CCP4 suite (Collaborative

(7) (a) Heinemann, U.; Aligns, C.; Bansal, MMBO J.1992 11, 1931~
1939. (b) Goodsell, D. S.; Grzeskowiak, K.; Dickerson, RBBchemistry
1995 34, 1022-1029. (c) Timsit, Y.; Westhof, E.; Fuchs, R. P. P.; Moras,
D. Nature1989 341, 459-462. (d) Rozenberg, H.; Rabinovich, D.; Frolow,
F.; Hedge, R. S.; Shakked, Proc. Natl. Acad. Sci. U.S.AL998 95,
15194-15199.

(8) Otwinowsky, Z.; Minor, W.Methods Enzymoll997, 276, 307-326.

(9) Sheldrick, G. MXPREPS5 Programm zur Bearbeitungon Beugungsdaten
& Untersuchung reziproker GitterV 5.01/486; Brucker: 2003.

(10) Sheldrick, G. M.; Hauptman, H. A.; Weeks, C. M.; Miller, R.; Usd. In
International Tables for Macromolecular CrystallographyRossman, M.
G., Arnold, E., Eds.; Kluwert Academic Publishers: Dordrecht/Boston/
London, 2001; Chapter 16, pp 33345.

(11) Sheldrick, G. MZ. Kristallogr. 2002 217, 644—650.

(12) Mc. Ree, D. EJ. Struct. Biol 1999 125 156-165.

Figure 1. Asymmetric unit of the crystal with its electron density map at
1o level. The oligonucleotide duplex d(GAATTC&has extrahelical
guanines at both ends and hydrated"™Nbns (cyan) attached to the N7
atom of all guanines.

Computational Project, Number 4, 1994). After several cycles of
maximum-likelihood isotropic restrained refinement, the two terminal
guanines were also clearly modeled with a flipped out geometry. Finally,
five water molecules (with 0.7 occupancy) were added around each
Ni2* ion with an octahedral conformation yielding a fifRlo = 28.2%
andRyee = 26.4% in the resolution range 5@.8 A with a completeness

of 97.8% (a set of 5% free reflections was used as an independent
cross-validation indicator of the progress of refinerf®nNotice that

(13) Murshudov, G. N.; Vagin, A. A.; Dodson, E.Acta Crystallogr, Sect D
1997, 53, 240-255.
(14) Bringer, A. T.Nature 1992 355, 472-475.
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Figure 2. Crystal structure. Oligonucleotide duplexes are organized in columns parallel to the four diagonals of the cubic cell which cross in space. Helical
axes are shown as rods of different colors, depending on their orientation. The axes perpendicular to the plane of the figure are barely \éséid. In thi
in the following figures Ni* ions are given as small cyan balls. A group of 27 cells are shown at the right.

Ruwork has a relatively high value probably due to the high quantity of
solvent (76%) present in the crystal, but the fact that we used MAD
phases during all refinement and also the good quality of electron
density maps confirms that the structure is as completely and correctly
modeled as this resolution allows. Through the refinement, noncrys-
tallographic symmetry restraints were applied. Model building was
performed using the TURBO-FRODO prograhrhe helical param-
eters of the duplex were calculated with 3DN®Figures have been
generated with Cerius 2 (Molecular Simulations, Inc.) and SETOR.
Coordinates have been deposited in NDB (ID code: BDO0069).

Results

The duplex structure and its electron density map are shown igure 3. Stereoview of end-to-end interactions. The extra-helical guanines
in Figure 1. The duplex has standard helical parameters (averag ydrogen bond with itgs terminal guaning. Ni 103 F::md 104 also interact with
twist 35.1°) and conformational angles, with deoxyriboses in neighbor phosphates. i hydration waters are shown as red spheres.
the C2-endo region. Neighbor duplexes stack in columns.
Hydrated N#" ions are directly attached to the N7 atoms of all
guanines in the crystal.

The crystal structure is presented in Figure 2. Twenty-four
duplexes and ninety-six Rii ions are present in each unit cell.
They are organized as columns, which run parallel to the four
diagonals of the cube. Such columns cross in space. At each
crossing point, there is a double 2i-phosphate interaction
as described below.

The DNA duplexes are stabilized in the crystal through
several interactions, which are presented in Figures 3 and 4.
Duplexes stack end-to-end with the extra helical guanines placed
in the minor groove of the next duplex (Figure 3). Hydrated
Ni2* ions also interact with neighbor phosphates and contribute
to the end-to-end interactions. In this way the duplex columns

which run through the whole crystal are stabilized (Figure 2). _ . . . .

. . o . Figure 4. Interaction between two neighbor duplexes which cross in space.

Duplexes in neighbor columns present pairwise interactions \t js mediated by two symmetrical Ni 16%phosphate interactions.

which involve the hydration waters of Ni 101 in one dugfex
and the phosphate of adenine 3 in the next duplex (Figure 4).ing duplexes, which cross in space. They define the spatial
The two interactions are identical and related by symmetry. They organization of duplex columns. There is no interpenetration
determine a very precise mutual orientation of the two interact- of the DNA helical grooves as found in other crystal structdres.
. . The combination of both types of interactions (Figures 3 and
(15) ,ng“gg"Vé-r?s:Qﬁ%‘bgeﬁ-_?l'fr&%?\?;‘s'ﬂgué?‘,{Xér'ggil%’:““l%g%f"TE’RBo‘ 4) determines the organization of the duplex columns in the

(16) Lu, X.-J.; Olson, W. KNucleic Acid Res2003 31, 5108-5121.
(17) Evans, S. VJ. Mol. Graphics1993 11, 134-138. (18) Numbers of ions and residues refer to those in the PDB file.
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Figure 5. Stereoview of three duplexes in a column. Another three duplexes which interact with the central column are also shown. The colors correspond
to those of the helical axes in Figure 2.

crystal as shown in Figure 5. Consecutive duplexes in a column
interact with neighbor duplexes which are rotated °12thus
every duplex column interacts with the other columns in the
crystal in a very precise manner, which defines the overall
geometry.

At the center and corners of the unit cell large solvent cavities
are present, as shown in Figure 6. The amount of solvent in the
crystal structure is very large; DNA atoms only occupy about
24% of the available volume, as calculated by current volume
estimates? In fact a distorted icosahedron can be formed by
joining together twelve Ni" ions (Ni 104) in the center of the
unit cell. Identical icosahedra can be formed at the corner of
the unit cells. The icosahedra define a large solvent region of
about 50 A diameter, in which neither DNA atoms nor other
Ni%* ions are found. Additional solvent channels run through
the edges, and the center of each face of the cube and
interconnect the icosahedral cavities.

Discussion

The crystal structure we have described is unique, not only
because it is the first oligonucleotide crystal of B form DNA

obtained in the cubic system but also mainly because of its o

organization. Pseudo continuous oligonucleotide columns of o o

duplexes cross in space stabilized by phosphiié"—guanine X '*"'- :
interactions. Large solvent cavities are found among the __‘-,
oligonucleotides in well-defined positions. Niions define the X “\' (%

icosahedral solvent region shown in Figure 6. Their mutual % X £
repulsion may force the oligonucleotides to form interstitial SRR [ _t
regions between large solvent domains, which are not populated ey

by any oligonucleotide atoms. It is interesting to consider the W o T

possibility to crystallize this oligonucleotide with a protein or ‘-" WEE -

W ! at 4
other substances, which could occupy the large solvent cavities “g\ e | UL

(about 50 A diameter). Figure 6. Solvent caviti found at th ter and th f each
. . . . . igure 6. Solvent cavities are found at the center and the corners of eac
A geometrical feature of interest in this structure is the unit cell. No oligonucleotide atoms are found inside the cavities. They have

distorted icosahedra defined by the?Nions. Due to thd23 the approximate shape of distorted icosahedra (shown in red) in whose

space group, the icosahedra cannot be regular, but they still havevertexes are found R ions (Ni 104 in the PDB file). Identical cavities
are found at the eight corners of each unit cell. A complete cell is shown

(19) (a) Chalikian, T. V.; Vitker, J.; Srinivasan, A. R.; Olson, W.: Breslauer in the upper part of the figure in which the atoms in a central slice are

K.'J. Biopolymers1999 50, 459-471. (b) Soler-Lpez, M., Malinina, L., given as green spheres and the rest as black sticks. In the lower frame,
Subirana, J. AJ. Biol. Chem200Q 275, 23034-23044. only the central slice is shown, demonstrating the large central solvent cavity.
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aremarkable symmetry: all twelve vertexes are identical, edgesit should be noted that G6 has similar properties. These types
and faces of only three different sizes are present. This of branches could act as hinges, since the interaction does not
observation allows us to wonder whether some viruses might define a precise orientation of the duplexes which interact, which
use this kind of symmetry. A small number of different subunits may be either parallé or perpendicula¥.

would be required to build an icosahedral capsid wi23 In conclusion, our work shows that by using extra helical
symmetry, not much greater than those required to form normal guanines with tightly bound Rt ions a new type of three-
icosahedral viral capsids. dimensional organization is achieved. By this approach, novel

The use of extrahelical guanine interactions introduces a new nanostructures may be designed, complementary to those
approach for the development of nanodevices based on DNA previously described and summarized in the reviews presented
structure. In the work of Seeman and co-workethree- by Wagenknechtand Seemaa.
dimensional structures are developed based on the specificity
of base pairing in DNA. Here we have used different tools. As
sticky ends, the interaction of a terminal guanine with the minor
groove of a neighbor duplex allows the formation of continuous
columns of DNA duplexe3This interaction is shown in detail
in Figure 3, but it should be noted that®Nions are not required
for such an interaction to be effective.

Branching points have been obtained through guariiié™— JA049393I
phosphgte interac'Fions,. as ShOWI-‘1 in d?ta” in Figures 4 and 5'(20) Valls, N.; Wright, G.; Steiner, R. A.; Murshudov, G. N.; Subirana, J. A
Alternatively guanine-Ni2*—guanine bridges could be used. Acta Crystallogr., Sect. 2004 60, 680-685.
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