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ABSTRACT: G‚A mismatched base pairs are frequently found in nucleic acids. Human centromere DNA
sequences contain unusual repeating motifs, e.g., (GAATG)n‚(CATTC)n found in the human chromosome.
The purine-rich strand of this repeating pentamer sequence forms duplex and hairpin structures with unusual
stability. The high stability of these structures is contributed by the “sheared” G‚A base pairs which
present a novel recognition surface for ligands and proteins. We have solved the crystal structure, by the
multiple-wavelength anomalous diffraction (MAD) method of d(CCGAATGAGG) in which the centromere
core sequence motif GAATG is embedded. Three crystal forms were refined to near-atomic resolution.
The structures reveal the detailed conformation of tandem G‚A base pairs whose unique hydrogen-bonding
surface has interesting interactions with bases, hydrated magnesium ions, cobalt(III)hexaammine, spermine,
and water molecules. The results are relevant in understanding the structure associated with human
centromere sequence in particular and G‚A base pairs in nucleic acids (including RNA, like ribozyme) in
general.

A number of DNA sequences have been suggested to form
stable duplex and hairpin structures incorporating unusual
base pairs (1). Of particular interest are those associated with
repetitive sequences including the centromere (GAATG)n

sequence (2-5), the triplet (GGA)n sequence associated with
Friedreich’s ataxia (6), the (GTACGGGACCGA)n dodeca
repeat in the centromeric Drosophila dodeca satellite DNA
(7). Extensive biochemical and biophysical studies on these
sequences suggested that the so-called “sheared” G‚A base
pairs (Figure 1A) are involved in these structures and the
high stability of these structures is contributed by the tandem
“sheared” G‚A base pairs which present a novel recognition
surface for ligands and proteins.

In fact, G-A mismatched base pairs (single or tandem)
are also frequently found in RNA (8), and they play
important structural [e.g., in ribosome (9, 10)] and functional
roles [in hammerhead ribozymes (11-13)]. Tandem G‚A
base pairs in RNA are very stable (14). Several RNA
structures containing sheared tandem G‚A base pairs have
been analyzed, including duplexes solved by NMR (15, 16)
and a duplex (17) and two ribozymes (11, 12) solved by
X-ray diffraction.

It is interesting to note that when the GpA step is
embedded in the sequence of 5′-(pyrimidine)-GA-(purine),

the tandem G-A mismatches adopt a sheared conformation
(1, 18-20), but when it is embedded in the sequence of 5′-
(purine)-GA-(pyrimidine), the tandem G-A mismatches
adopt the nonsheared conformation (21). The structural basis
for this switch of base pair scheme is not yet clear.

While several NMR structures of DNA containing tandem
sheared G‚A sequences have been analyzed (1, 4, 18-20),
surprisingly, no X-ray structure has been solved so far. In
this paper, we present three high-resolution crystal structures
of d(CCGAATGAGG) (which incorporates the centromere
core sequence motif GAATG), determined by the MAD
method. The structures are compared with other NMR DNA
structures and with RNA structures derived from NMR and
X-ray diffraction analysis. In addition, the observation of
various molecules interacting with the novel surface of the
“sheared” G‚A base pairs provides clues for their recognition
and interaction by small ligands and proteins.

MATERIALS AND METHODS

The DNA molecules, including the brominated derivatives,
were synthesized at the DNA synthesis facility at University
of Illinois at Champaign-Urbana and purified by gel-filtration
column chromatography. Three crystal forms were obtained
using the vapor diffusion method (22), and their crystal-
lographic statistics are listed in Table 1. The longC2221 form
of d(CCGAA[br5U]GACC) was crystallized from 1.3 mM
DNA duplex, 2 mM Tris/HCl buffer (pH 7.5), 5 mM MgCl2,
5 mM Co(NH3)6

3+, and 2.6% 2-methyl-2,4-pentanediol (2-
MPD) solution, equilibrated with 30 mL of 15% 2-MPD.
The shortC2221 form of CCGAA[br5U]GACC) was crystal-
lized from the same condition without Co(NH3)6

3+, except
no reservoir solution was used in the initial stage of the
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crystallization process for 1 week and then 30 mL of 40%
2-MPD reservoir was used. TheC2 form of d(CCGAAT-
GACC) was obtained using the same condition as that of
the longC2221 form. Diffraction data were collected either
at ambient temperature or at 123 K on a Rigaku R-Axis IIc
image plate area detector system. The data have been
processed using the software (d*trek, v.4.7) from Molecular
Structure Co (The Woodlands, Texas).

Experimental phases from the d(CCGAA[br5U]GAGG)
crystals of the longC2221 form were obtained by the MAD
method using the approach similar to that described recently
(23). The exact energy of the absorption edge of brominated
DNA was determined by recording the fluorescence spectra
from a crystal. These data were analyzed using program
CHOOCH (24), which produces a plot of bothf ′ and f′′.
The data at three wavelengths (i.e., at inflection point, at
peak and at low energy remote from the peak) were measured
at Structural Biology Center undulator beamline 19ID at the
Advanced Photon Source using fundamental undulator
harmonics and 3× 3 mosaic CCD detector (25). The
experiment was carried out at 110 K from a single crystal.
The crystal was not aligned along any particular crystal axis,
and at each wavelength and complete data set was collected
in one continuous scan.

Crystallographic data integration and reduction was done
with the program package HKL2000 (26). Two bromine sites
were found using the Patterson heavy-atom search method,
and the phases were calculated semiautomatically as imple-
mented in the crystallographic suite CNS (27). The figure-
of-merit is 0.79 and 0.89 before and after density modifi-
cation, respectively. The resulting electron density maps were
of high quality, revealing not only the oligonucleotide chain
but also the metal ions and many water molecules bound to
DNA (Figure 1B). Some of the essential statistics of the
MAD phasing are given in Table 1. The structures of two
other crystal forms were solved by the molecular replacement
method using structures modified from the brominated DNA
as starting search models.

For the shortC2221 form, the molecular replacement
search result revealed that the decamer structure cannot be
a full duplex because two end base pairs from adjacent
symmetry-related duplexes were superimposed on top of each
other. This is consistent with the significantly shorter (by
∼4 Å) c-axis. Subsequently, the search was performed using
only the nonamer duplex. After the initial refinement, the
missing terminal nucleotides were located from the difference
Fourier maps and they were found to be in extended
conformations as discussed in more detail later.

All three structures have been refined, first by the
simulated annealing procedure incorporated in X-PLOR (28),
and then by SHELX97 (29). The DNA force field parameters
of Parkinson et al. (30) with modifications to allow sugar
pucker to vary were used. Water molecules were located by
the procedure incorporated in SHELX97. We were careful
in the criteria of the inclusion of water molecules. Only first
shell waters and well-defined higher shell waters were
included. For the C2 form, anisotropic temperature factors
were applied for all atoms of DNA, Co(NH3)6

3+ ion, and
hydrated magnesium ions, and isotropic temperature factors
were applied for nonliganded water molecules. No hydrogen
atom was included. For the two orthorhombic forms, all
atoms were treated with isotropic temperature factors and
the HOPE procedure (31) was applied. For all three
structures, the procedure of SWAT in SHELX97 by Moews
and Kretsinger (32) has been applied to model diffuse
solvent. The atomic coordinates of the three crystal structures
have been deposited at Research Collaboratory for Structural
Bioinformatics (RCSB) Protein Data Bank (accession num-
bers 1D8X, 1D9R, and 1DCR).

FIGURE 1: (A) A schematic diagram showing the “sheared” and
“nonsheared” G-A base pairs. Other types of G-A base pair also
exist (see, for example, ref49). (B) The Fourier electron density
map (contoured at 1σ level) of the G3-A18 base pair of the long
C2221 form after density modification of the MAD phases at 2.5
Å resolution was applied. (C) The refined (2Fo - Fc) Fourier
electron density map (contoured at 1σ level) of the G7-A14 base
pair of the C2 form at 1.2 Å resolution.
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RESULTS AND DISCUSSION

Structural Features.The decamer d(CCGAATGAGG) has
been crystallized in three different crystal forms (Table 1),
depending on the subtle variations of crystallization condi-
tions. Two orthorhombicC2221 forms were produced using
the 5-bromodeoxyuridine (replacing the T6 residue) deriva-
tive. The longC2221 form of the decamer duplex was used
to solve the structure by the MAD method (Figure 1B). The
shortC2221 form was subsequently solved by the molecular
replacement (MR) method. As described above in the
Materials and Methods, the latter structure contains an
unexpected feature of a nine base-pair duplex plus two
terminal swung-out G and C bases, resulting in an open end
of the helix, with those bases involved in ion binding and
crystal contacts. This is similar to that found in some DNA
structures (33, 34). The C2 form, which was also solved by
the MR method, consists of a complete decamer duplex. All
three structures have been well refined as evident from the
refinement statistics (Table 1) and the quality of the electron
density map (Figure 1C). The structures of the C2 form and
the shortC2221 form are shown in Figure 2.

Although the incorporation of two tandem GpA steps does
not cause the duplex conformation to depart radically from
B-DNA, it causes the two pentanucleotide segments of the
decamer duplex to kink toward the major groove at the
central A5pT6 step (Figure 3). Notably, the base stacking at
the GpA step is unusual, involving extensiveinterstrand base
stacking. The consequence is that while the base stacking is
continuous with a gentle left-handed twist, the base stacking
along a strand is actually interrupted at each GpA step
(indicated by a heavy bracket in Figure 2, right panels). This
characteristic stacking pattern was also noted in the homo-
base-paired parallel-strandedΠ-DNA structure (35).

There are six independent copies of the CGAA/TGAG
tetranucleotide motifs obtained from the three crystal forms,
thus providing an excellent insight into the detailed confor-

mation of the sheared tandem G-A mismatched base pair
(Figure 4, panels A and B). There are several outstanding
features. First, the consistency of the conformations is high,
with the rmsd from those six copies being 0.62 Å (Figure
4B). Second, the sheared G-A base pair has large propeller
twist angle (avg 26.2°) and buckle angle (avg 25°). Interest-
ingly, the buckles associated with the sheared G-A base
pairs in the 5′-CGAT sequence are not the same. The G-A
base pair close to the C-G side has a high buckle value of
29°, whereas the one close to the A-T base pair has a low
value of 19°. Third, the sheared G-A base pair conformation
produces highly uneven helical twist angles (Ω) in the
duplex, resulting in an irregular right-handed double helix.
TheΩ angle values of the GpA steps, because of the sheared
base pair conformation, range 91.7-97.5°, with an average
value of 93.1°. Fourth, three strong hydrogen bonds are
formed between the G and A nucleotides. The detailed helical
parameters are listed in Tables 1S, 2S, and 3S (Supporting
Information) for theC2, C2221 (long form), andC2221 (short
form) structures, respectively.

The unique structural features work together in concert to
provide the unusual stability for the tandem G-A base pairs
(36-38). The sheared conformation allows the N6/N7 side
of the adenine base to pair with the N2/N3 side of the guanine
base such that two hydrogen bonds are formed between the
G and A bases: AN7-GN2 (avg 2.95 Å) and AN6-GN3
(avg 3.00 Å). The high propeller twist angle and buckle
further allow the adenine base to move toward the deoxyri-
bose of the guanine nucleotide so that the A-N6 amino
group can form an additional hydrogen bond to the O4′ of
the deoxyribose of G (avg 3.01 Å). Thus, the three hydrogen
bonds of the sheared G‚A base pair, plus the extensive
interstrand base stacking, provide the molecular basis for
the observed stability.

The backbone torsion angles adopt B-DNA-like values
with a few exceptions (Tables 1S, 2S, and 3S). The average

Table 1: Crystallographic and Refinement Data of Three Crystal Forms of CCGAATGAGG

C2221 (long)a

0.9611 Å
long•remote

0.9192 Å
peak

0.9198 Å
inflection point

0.9611 Å
long•remote C2

C2221

(short)a

crystallographic data
a (Å) 22.71 22.80 22.80 22.81 62.78 20.95
b (Å) 67.22 67.11 67.13 67.12 35.69 61.86
c (Å) 72.50 72.28 72.31 72.33 22.47 68.49
â(deg) 104.38
resolution (Å) 1.50 2.00 2.00 2.00 1.20 1.60
no. of observed reflections 60 339 60 243 60 179

〈I/σ(I)〉 13.8 12.4 14.7
phasing power 3.34 3.47 2.73
no. of unique reflections [>1.0σ(F)] 8923 7242 7246 7238 12 550 5749
Rmerge(%) 5.5 3.9 4.1 3.4 4.50 7.50
completeness (%) 99.9 99.7 99.7 99.3 82.0 85.1
temp of data collection (K) 110 110 110 110 123 293

refinement data
no. of reflections [>2.0σ(I)] 8120 11 236 5409
R-factor/R-free (5% data) 0.231/0.274 0.182/0.238 0.192/0.261
rmsd bond distance (Å) 0.010 0.009 0.009
rmsd bond angle (deg) 1.98 2.16 2.03
no. of DNA atoms 412 412 412
no. of waters 133 128 77
no. of cations 0.5 Co(NH3)6

3+ 1 Co(NH3)6
3+ 3 Mg(H2O)52+

2 Mg(H2O)52+ 0.5 Spermine
a DNA is CCGAA[br5U]GAGG.
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values (excluding outliers) areR(290°), â(170°), γ(55°),
δ(130°), ε(207°), ú(275°), andø(260°). The most apparent
deviations are theú values of the G residues (avg 162°, a
trans conformation) of the GpA steps. Most of the sugars
have the S-type pucker (C2′-endo) with an averaged pseu-
dorotation angle of 175°. However, all A nucleotides (A4,
A5, A14, and A15) adopt N-type (C3′-endo) sugar puckers
with an averaged pseudorotation angle of 7.5°. Moreover,
some other small variations exist among the three crystal
forms.

The tandem G-A base pairs, related by a local 2-fold
symmetry, have extensiveinterstrand G-over-G and A-
over-A stacking interactions (Figure 4A). The two adenines,
as well as the two guanines, from the opposite strands are
nearly parallel to each other. The two outer base pairs in the
(CGAA)‚(TGAG) fragment have normal propeller twist
angles in the range of 6-9°. Therefore, the high propeller

twist of the tandem G‚A base pairs does not propagate much
beyond the (CGAA)‚(TGAG) fragment. The averaged base
pair inclination angle is 7.7°. The overall helix length of the
present decamer duplex remains very similar to that of
B-DNA. As noted before, the inclusion of a tandem G‚A
step into B-DNA can cause a significant kink in the helical
axis toward the major groove at the interface of the CGAA
motif and the adjoining B-DNA helix. Such a distortion plus
the local unusual sheared G-A conformation may be
important for biological activity. The sheared G-A base pair
conformation leaves the O6-N1-N2 edge of guanine base
in the major groove completely accessible for interactions
with other molecules. It is possible that those unique surface
features associated with the sheared G-A base pair confor-
mation may be sites for specific recognition by proteins or
nucleic acids. For example, DNase I does not recognize the
DNA conformation with a sheared G-A base pair, whereas

FIGURE 2: (A) The structure of the d(CCGAATGAGG) duplex of the C2 form crystal. The two tandem G-A base pairs are colored red
in the stereoscopic skeletal drawings (left panel). Duplexes related by the C-centered operation are stacked end-over-end to form a virtual
long DNA polymer. The terminal base pairs of the neighboring duplexes are shown. The base pair stacking switches strands at the GpA
step (marked by the heavy brackets), clearly visible in the left panel. (B) The structure of the shortC2221 form crystal. The terminal
G20-C1 base pair is unraveled with the C1 and G20 residues hang in the minor groove and major groove, respectively, of the adjacent
duplex.
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it can act on the DNA backbone with the G-A base pair in
the nonsheared Ganti-Aanti conformation (i.e., with GN1-
AN3 hydrogen bond) (39).

Comparison with Other G-A Motifs.As mentioned above,
G-A mismatched base pairs are frequently found in nucleic
acids. Until this work, no DNA crystal structure containing
tandem sheared G‚A base pairs has been solved. Only one
DNA crystal structure (at 2.1 Å resolution) is available that
contains two nontandem sheared G‚A base pairs embedded
in an unusual zipper-like duplex (40). The conformation of
the individual G‚A base pairs in that structure is similar to
that found in our structure.

Several NMR structures of DNA containing tandem G‚A
sequences have been analyzed (1, 4, 18-20). Interestingly,
the structure of GCGAATGAGC, obtained by the NMR
distance geometry method (4), is remarkably similar to our
crystal structure. The rmsd of the central eight base pairs
between the structure of the C2 form and the NMR structure
is 1.33 Å. The major differences between the two structures
are (1) the G‚A pair base in the NMR structure is less
sheared, causing the A-N6 to G-O4′ distance to be out of
the hydrogen bonding distance range; (2) some torsional
angles associated with the phosphate group are different,
which is not surprising due to the difficulty in the determi-
nation of those angles from proton NMR data.

When the conformation of RNA tandem base pairs,
exemplified by that found in the hammerhead ribozyme
(Figure 4C), is compared with the DNA conformation (Figure
4A), several differences are found. The sheared G‚A base
pair in RNA is less propeller-twisted. Moreover, theintra-
base-pair hydrogen-bonding scheme in RNA is more vari-
able. In Figure 4C, A8 is base paired to G12 with three

hydrogen bonds including one from AN6 to GO2′. G12 has
an additional hydrogen bond between its N2 to the O2′ of
G9, and the latter is in turn hydrogen bonded to the phosphate
of A8. Interestingly, the lower G9-A13 base pair has three
hydrogen bonds such as those found in DNA. It has been
suggested that such variability in the hydrogen-bonding
patterns in RNA is sequence-context dependent (16).

Interactions of Ligands with Tandem G-A Motif. The
availability of three independent crystal forms of the d(C-
CGAATGAGG) decamer at atomic or near-atomic resolution
provides an excellent opportunity to inspect the interactions
of water molecules, ions, and other molecules with the
tandem G-A base pairs. In all three crystal forms, one end
of the DNA duplex is stacked on the other end of a 21-axis
symmetry-related duplex, forming an infinite pseudo DNA
duplex (along the crystallographica-axis in the C2 form and
along the crystallographicb-axis in the twoC2221 forms).
The crystal-packing interactions are shown in Figures 1S,
2S, and 3S (Supporting Information) for theC2, C2221 (long
form), andC2221 (short form) structures, respectively. The
adjacent columns of the duplexes in bothC2221 forms have
left-handed crossover angles (∼32°) (Figures 2S and 3S)
similar to that found in some other DNA crystals (41).

Hydration. As noted above, the sheared G-A base pair
conformation leaves the O6-N1-N2 edge of guanine base
completely accessible for hydrogen-bonding interactions. It
is not surprising that all three sites of this edge are fully
hydrated (sites 1, 2, and 3 in Figure 5), unless it is involved
in other interactions with nonwater ligands. In fact, this is
true for all base pairs of the decamer in all three crystal
forms. Site 1’s water molecules bridge the G-N2 with the
phosphatepro-Rp oxygen of the base-paired adenine nucle-

FIGURE 3: Ribbon diagram of the structure of the d(CCGAATGAGG) duplex in the C2 form crystal depicted by the program CURVES
v5.3 (50). The helix axis is kinked by 38° at the central A6pT6 step toward the major groove. The kink angles in the long and shortC2221
forms are 28° and 31°, respectively.
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FIGURE 4: (A) The detailed conformation of the sheared tandem G-A base pairs in DNA using the G3pA4:G17pA18 step of the C2
structure as an example. There is a large propeller twist between the G and A bases within a G-A base pair. Each A base forms three
hydrogen bonds (AN7-GN2, AN6-GN3, and AN6-GO4′) with the paired G nucleoside. The tandem G-A step is further stabilized by the
interstrand G-over-G and A-over-A stacking interactions. (B) Superposition of six independent 5′-(Py)GA(Pu) tetranucleotide steps from
three crystal structures, with a mean rmsd. of 0.62 Å. The large propeller twist of the G-A base pair is evident. (C) The detailed conformation
of the sheared tandem G-A base pairs in RNA using the G12pA13:G9pA8 step of the hammerhead ribozyme structure (PDB accession no.
1hmh) as an example.

FIGURE 5: The first shell water structure surrounding the sheared tandem G-A base pairs in DNA. The water molecules (red spheres)
around the four independent G-A base pairs of the C2 structure are superimposed. Eight conserved water binding sites are identified. At
sites 3, 4, 5, and 6, water molecules are replaced by the NH3 molecules (blue spheres) from the bound Co(NH3)6

3+ ion.
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otide, which may contribute to the stability of the sheared
G-A base pair. As discussed below, these three waters may
be displaced by a cytosine base so that a Watson-Crick
G-C base pair is formed. Sites 4, 5, and 6 are located on
the major groove side of the guanine and they are often
displaced by metal complexes (Co(NH3)6

3+) or spermine. Site
6 water forms a hydrogen bond with the phosphate, but it
does not form hydrogen bonds to the guanine base; instead,
it is associated with the second shell waters to form a cage
surrounding the hydrophobic G-H8 hydrogen.

On the adenine side, both the N1 (site 7) and N3 (site 8)
positions are bound with conserved water molecules. They
interact with other first and second shell waters to form a
caged network in the minor groove of the duplex.

Tertiary Base Interactions.In the shortC2221 form, the
terminal G20 and C1 nucleotides are not part of the helix;
instead they project away from the duplex (Figure 2B). C1
is paired with G13* from a symmetry-related duplex, forming

a G-C Watson-Crick base pair. G20 is in the syn
conformation, and it is hydrogen bonded to two cytosine
bases (C11* and C12*) (Figure 6A). A penta-hydrated Mg2+

ion coordinated to the G9-N7 site was found in a nested
cavity in the major groove near the A8pG9 step. The Mg2+

ion bound water molecules are hydrogen bonded to the
neighboring P8 phosphatepro-Rp oxygen. Such a Mg2+ ion
bound in a cavity near the phosphate may play a catalytic
role in ribozyme (42). Mg2+ ion is essential in the activity
of hammerhead ribozyme. While no Mg2+ ion has been
unequivocally identified in the hammerhead ribozyme struc-
tures (11, 12), its heavier analogues Mn2+/Cd2+ ion have been
used to probe the metal ion binding sites (43).

The structure of this penta-hydrated Mg2+ ion bound to a
base and the adjacent phosphate groups seems to be highly
relevant to the magnesium ion mediated ribozyme activity.
On the basis of the observed tertiary base pair interactions
(seen in the DNA structure of Figure 6A) and other data

FIGURE 6: Interactions of various ligands/ions with G-A motifs. Nucleotides from different symmetry-related duplexes are colored differently.
(A) The tertiary interactions between the terminal C1 and G20 bases and a neighboring helix in the shortC2221 form. C1 is base paired
with the G13 base (of the G13-A8 base pair) using a Watson-Crick conformation. A pentahydrated Mg2+ is coordinated at the N7 site
of G8. The hydration sphere of Mg2+ ion is extensively hydrogen bonded to DNA. Note that such a coordinated Mg2+ ion in RNA would
be in a position to interact with the O2′ hydroxyl and thepro-Rp oxygen of the 3′-phosphate of a cytosine residue. This arrangement may
be relevant in understanding the hammerhead ribozyme cleavage activity. (B) A two Mg2+ cluster located among several phosphate groups.
(C) A pentahydrated Mg2+ ion interacts with a sheared G-A base pair in the minor groove. The Mg2+ ion is directly coordinated to the
pro-Sp oxygen of P10. (D) Interactions of a spermine between two helices using the major groove side of the guanine bases. (E) Interactions
of a Co(NH3)6

3+ ion between two helices using the major groove side of the guanine bases.
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describing the hammerhead ribozyme’s activity and its
structural requirements (40), we propose thatthe sheared
tandem G-A base pairs of the stem II in the hammerhead
ribozyme are directly inVolVed in the catalytic cleaVage
actiVity (unpublished results). Specifically, in the ham-
merhead ribozyme, the C17 residue (the cleavage nucleotide)
may base pair in the Watson-Crick conformation with the
G12 of stem II so that the O2′ and 3′-phosphate of C17 can
be arranged in an in-line conformation, mediated through
the hydrated Mg2+ ion which is coordinated at the G10.1-
N7 site. The proposed model detailing the possible mecha-
nism of the hammerhead ribozyme will be described
elsewhere.

Hydrated Magnesium Ions.There are five independent
hydrated Mg2+ ions located in the three crystal forms
(including the one described above), and all of them interact
with the phosphate groups, either directly or through the
bridging water molecules (Figure 6, panels B and C). They
serve to partially neutralize the negative charges of phos-
phates. The binding of Mg2+ ions to the backbone of the
decamer helices does not appear to affect the local confor-
mation. When the similar regions from the three crystal forms
are compared, they show nearly identical conformation, with
or without a hydrated Mg2+ ion bound to the phosphate
group. This is in contrast to what has been proposed recently
in the reexamination of the B-DNA CGCGAATTCGCG
dodecamer structure (44). Of particular interest is the
dinuclear Mg2+ cluster, which is located among several
phosphate groups (Figure 6B). This type of dinuclear Mg2+

center has been found frequently in RNA structures, includ-
ing the group I ribozyme (45) and 5S rRNA (46).

Spermine.A spermine molecule is found to bridge two
tandem GpA steps from two symmetry-related duplexes
(Figure 6D). The spermine makes contacts to four guanines
of the G‚A base pairs. Thus, it is possible that the lysine
side chain of a protein may interact with the surface of the
tandem G‚A base pair in a similar fashion.

Cobalt(III) Hexaammine Ions.In many DNA crystal
structures, Co(NH3)6

3+ ions play important roles in bridging
duplexes together to facilitate the crystal packing (47). Here
is no exception. Two Co(NH3)6

3+ ions, one from the long
C2221 form and one from the C2 form, were found in the
electron density (Figure 1C). In the longC2221 form, the
Co(NH3)6

3+ ion is located on a crystallographic axis and
sandwiched between two adjacent duplexes (Figure 6E). One
side of the ion has four hydrogen bonds, using three ammonia
groups, to the N7/O6 side of two guanines (G3 and G17) in
a tandem G-A base pair step. In the C2 form, the
Co(NH3)6

3+ ion is bound to the N7/O6 site of guanine G7
and the phosphate of thymine T6. Such interactions involving
the guanine N7/O6 sites are consistent with those found in
solution (48).

CONCLUSION

In this paper, we have analyzed three high-resolution
structures of a DNA decamer containing tandem G-A
mismatches in the 5′-(pyrimidine)GA(purine) sequence. The
sheared G-A base pairs in DNA and RNA share some
similar structural features, but some characteristics (e.g.,
inter- and intra-base-pair hydrogen bonds, sugar puckers)
are different. The observations of tertiary base pair interac-

tions involving the surface of the guanine N1 side (associated
with a sheared G-A base pair) may have implications in
the biological activity of nucleic acids (e.g., ribozyme).
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