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In previous studies, it was reported that DNA fragments with

the sequence d(gcGXYAgc) (where X = A or G and Y = A, T

or G) form a stable base-intercalated duplex (Bi-duplex) in

which the central X and Y residues are not involved in any

base-pair interactions but are alternately stacked on each

other between the two strands. To investigate the structural

stability of the Bi-duplex, the crystal structure of

d(gcGAACgc) with a point mutation at the sixth residue of

the sequence, d(gcGAAAgc), has been determined. The two

strands are associated in an antiparallel fashion to form two

types of bulge-containing duplexes (Bc-duplexes), I and II,

both of which are quite different from the Bi-duplex of the

parent sequence. In both Bc-duplexes, three Watson–Crick

G�C base pairs constitute the stem regions at the two ends. The

A4 residues are bulged in to form a pair with the

corresponding A4 residue of the opposite strand in either

duplex. The A4�A4* pair formation is correlated to the

orientations of the adjacent A5 residues. A remarkable

difference between the two Bc-duplexes is seen at the A5

residue. In Bc-duplex I, it is flipped out and comes back to

interact with the G3 residue. In Bc-duplex II, the A5 residue

extends outwards to interact with the G7 residue of the

neighbouring Bc-duplex I. These results indicate that trans

sugar-edge/Hoogsteen (sheared-type) G3�A6* base pairs are

essential in the formation of a Bi-duplex of d(gcGXYAgc). On

the other hand, the alternative conformations of the internal

loops containing two consecutive bulged A residues suggest

molecular switching.
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1. Introduction

Recent human-genome projects have revealed that coding

sequences comprise only 1.2% of the euchromatin (Interna-

tional Human Genome Sequencing Consortium, 2004), while

large proportions of the remaining parts are occupied by many

different types of repetitive sequences, such as transposon-

derived sequences, simple sequence repeats (SSRs) and

segmental duplications, which are dispersed throughout the

human genome (International Human Genome Sequencing

Consortium, 2001). It might be expected that such repetitive

DNA sequences exist in single-stranded states during the

dynamic processes of replication, transcription, recombination

and cell development and that they could also potentially form

more complicated three-dimensional structures in order to

carry out specific biological functions. For example, the G-rich

DNA repeats found in some SSRs and telomeres have been

considered to be capable of forming quadruplexes with

G-quartets, while the complementary C-rich repeats can also

form quadruplexes with intercalated C–C pairs (Patel et al.,



1999). These examples would be analogous to the complex

folding of single-stranded RNA into a functional structure as

seen in hammerhead ribozymes (Pley et al., 1994; Scott et al.,

1995; Doudna, 1995), group I intron ribozymes (Cate et al.,

1996; Golden et al., 2005; Stahley & Strobel, 2005), ribosomal

RNAs (Harms et al., 2001; Ban et al., 2000; Wimberly et al.,

2000; Carter et al., 2000; Yusupov et al., 2001; Schuwirth et al.,

2005) and so on. Therefore, structural studies of DNAs with

repeated sequences and/or non-Watson–Crick pairing will

help us to understand their possible biological significance in

the single-stranded state.

We have previously reported that the DNA sequence

d(gcGXYAgc) (where X = A or G and Y = A, T or G) forms a

base-intercalated duplex (hereafter termed a Bi-duplex, see

Fig. 1; Kondo, Umeda et al., 2004; Kondo, Adachi et al., 2004;

Kondo, Tanashaya et al., 2006; Sunami et al., 2004a,b) and have

proposed that this structure may be involved in certain

biological processes1. In this structure, two Watson–Crick G�C

base pairs are formed at either end of the duplex. The

subsequent G3 residue forms a trans sugar-edge/Hoogsteen

base pair2 (a well known sheared-base pair) with the A6

residue of the opposite strand, involving the two hydrogen

bonds N3(G)� � �H—N6(A) and N2—H(G)� � �N7(A). The

central X4 and Y5 residues, however, are not involved in any

base pairs. Instead, they form an intercalated stacked X4–Y5*–

Y5–X4* base column. In the case where X = A and Y = G,

d(gcGAGAgc), four Bi-duplexes come together to form an

octaplex at low potassium concentrations through double

G-quartet formation. The octaplex splits into its two halves at

a slightly higher potassium concentration (Kondo, Adachi et

al., 2004). These remarkable structural features suggest a

folding mechanism involving a double Greek-key motif for

groups of eight tandem repeats of d(ccGAGGGGAgg), such

as the variable number of tandem repeats (VNTR) found next

to the human pseudoautosomal telomere (Inglehearn &

Cooke, 1990). Such a folding mechanism could induce slippage

of the repeats during DNA replication. Another example of

octaplex formation is also found in the case where X = Y = A,

d(gcGAAAgc) (Sunami et al., 2004b; Sato et al., 2006). Its

central four nucleotides, d(GAAA), are well known as an SSR

in the human (Williams et al., 1997), canine (Shibuya et al.,

1996), Meloidogyne artiellia (De Luca et al., 2002) and Oryza

sativa (McCouch et al., 2002) genomes and they exhibit length

polymorphism. It has been suggested by modelling analysis

that this repetitive sequence can be folded into a cluster like

an octaplex, which may be responsible for the slippage

mechanism of the repeat (Sato et al., 2006). In addition to

these octaplex structures, it was found that Bi-duplexes with

X = A and Y = A, T or G and with X = Y = G are associated to

form a hexa-assembly in the presence of hexamine-cobalt

cations or in a mixture of calcium and sodium cations (Kondo,

Umeda et al., 2004; Kondo, Tanashaya et al., 2006; Sunami et

al., 2004a). These studies suggest that the G�A base pairs

adjacent to the X and Y residues facilitate the formation of the

Bi-duplexes. Similar sequences are dispersed throughout the

eukaryotic genome, especially in repetitive sequences such as

d(GTACGGGACCGA)n in the Drosophila centromere

(Chou & Chin, 2001), d(gGAGGAc) in the human VNTRs

located in the D1S80 (MCT118) locus (Kasai et al., 1990) and

d(tgGAGGGAca) in the human 30-flanking mini-satellite

pMS51 (Armour et al., 1989).

In the present study, the crystal structure of a DNA octamer

d(gcGAACgc) has been determined in order to investigate

changes in the structure of the Bi-duplex when the A residue

at the sixth position is replaced by other nucleotides (e.g. an

A6C mutation). It has been found that such a mutation

replaces the sheared G3�A6* base pairs in the Bi-duplex with

canonical G3�C6* base pairs in the two stem regions. The

central bases are released from the stacked column. These

changes allow them to form two types of new bulge-containing

duplexes (termed Bc-duplexes): one containing an intra-

duplex hand-in-pocket motif and the other containing an

inter-duplex hand-in-pocket motif. From the structural

features of Bc-duplexes and their similarity to certain RNA

motifs, it is expected that the symmetrical internal loop with

the two consecutive bulged A residues found in this study

could have a potential as a molecular switch.

2. Materials and methods

2.1. Preparation

The oligonucleotide d(gcGAACgc) (referred to hereafter

as A6C) and its bromine derivative, which contains a 20-deoxy-

5-bromocytidine at the second position (hereafter termed
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Figure 1
Schematic diagram of the Bi-duplex of d(gcGXYAgc) (where X = A or G
and Y = A, T or G; Kondo, Umeda et al., 2004; Kondo, Adachi et al., 2004;
Kondo, Tanashaya et al., 2006; Sunami et al., 2004a,b).

1 Lower case characters in the sequence indicate residues that can form a
Watson–Crick base pair when the fragments are aligned in an antiparallel
fashion for self-assembly or folding.
2 Geometric nomenclature and classification of nucleic acid base pairs is
according to the Leontis–Westhof classification (Leontis & Westhof, 2001).



A6C-Br), were synthesized using a DNA synthesizer. These

octamers were purified by HPLC and gel filtration. Crystals of

A6C-Br suitable for X-ray diffraction were grown at 277 K by

the hanging-drop vapour-diffusion method from solutions

containing 1 ml 1.5 mM DNA solution and 1 ml reservoir

solution containing 40 mM sodium cacodylate pH 7.0, 12 mM

spermine tetrahydrochloride, 80 mM sodium chloride and

10%(v/v) 2-methyl-2,4-pentanediol. Needle-shaped crystals of

A6C-Br (0.1 � 0.1 � 2.0 mm in size) grown in 4 d were

mounted in nylon cryoloops (Hampton Research) with the

crystallization solution containing 35%(v/v) MPD as a cryo-

protectant and stored in liquid nitrogen prior to X-ray

experiments.

2.2. Data collection

The multiwavelength anomalous diffraction (MAD)

method was applied for phase determination. To measure the

anomalous scattering effects of Br atoms, three data sets were

collected at 100 K using synchrotron radiation with wave-

lengths of 0.91955 Å for the peak, 0.92010 Å for the edge and

1.00 Å for the remote at the BL18B beamline of PF (Tsukuba,

Japan). X-ray diffraction patterns were recorded on a CCD

detector (Quantum 4R; Area Detector Systems Corporation)

positioned at a distance of 265 mm from the crystal, using 1�

oscillations and 40 s exposure per frame over a total range of

180�, and were processed at resolutions of 2.6 Å for the

remote data, 2.8 Å for the peak data and 2.7 Å for the edge

data with the program DPS/MOSFLM (Leslie, 1992; Steller et

al., 1997; Rossmann & van Beek, 1999; Powell, 1999). The

intensities were then scaled and merged using SCALA from

the CCP4 suite of crystallographic programs (Collaborative

Computational Project, Number 4, 1994). The crystal belongs

to space group P6122, with unit-cell parameters a = b = 26.8,

c = 226.3 Å. The data-collection statistics and the crystal data

are summarized in Table 1.

2.3. Structure determination and refinement

The program SOLVE (Terwilliger & Berendzen, 1999) was

used for MAD phasing. Two Br atoms were found from the

anomalous difference Patterson map, from which the initial

phases were estimated with a figure of merit of 0.55. The

statistics for phasing are summarized in Table 1. After density

modification with solvent flattening (solvent content 43.7%)

using the program CNS (Brünger et al., 1998), two types of Bc-

duplexes, I and II, were easily traced around the different

crystallographic twofold axes, with one of the two strands of

each duplex being in the asymmetric unit. Only the electron

densities for the A4 residues were broadened, suggesting a

conformational disordering between the two antiparallel

strands in respective Bc-duplexes. From the shape of the

density, the two A4 bases were assumed to form a Hoogsteen/

Hoogsteen pair in combination with syn and anti conforma-

tions around the glycosidic bonds in the Bc-duplex I, as seen in

Fig. 2(a). In the case of the Bc-duplex II, the two A4 bases

were assumed to form a Watson–Crick/Hoogsteen pair in

combination with syn and syn conformations, as seen in

Fig. 2(b).

The atomic parameters of the crystal structure were refined

using the remote data through a series of rigid-body approx-

imations, simulated-annealing runs and B-factor balancing

using the program CNS with crystallographic conjugate-

gradient minimization techniques, followed by interpretations

of OMIT maps at every nucleotide residue. In the final

refinement, the two asymmetrical strands with the two alter-

native conformers of the A4 residues, along with the phos-

phate backbone of the A5 residues, were refined using

REFMAC5 (Murshudov et al., 1997). Statistics of structure

refinement are summarized in Table 1. The final R and Rfree

values are relatively high because of the conformational

disorder at the central A4 residues, as seen in their final OMIT

maps (see Figs. 2a and 2b). The other parts are well fitted as

shown in Figs. 2(c) and 2(d). All local helical parameters

including torsion angles and pseudo-rotation phase angles of

ribose rings were calculated using the program 3DNA (Lu &

Olson, 2003). Fig. 2 was drawn with the PyMOL molecular-

graphics system (http://www.pymol.org). Figs. 3(a), 3(b), 4, 5, 6

and 7 were drawn using the program RASMOL (Sayle &

Milner-White, 1995).
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Table 1
Crystal data and data-collection and structure-determination statistics.

Values in parentheses are for the outer shell (0.1 Å width).

MAD phasing
Crystal data

Space group P6122
Unit-cell parameters (Å) a = b = 26.8, c = 226.3
Z† 2

Data collection
Beamline BL18B, Photon Factory
Wavelength (Å) 1.00 (remote) 0.91955 (peak) 0.92010 (edge)
Resolution (Å) 45–2.6 38–2.8 25–2.7
Observed reflections 63062 61244 52625
Unique reflections 1729 1615 1670
Completeness (%) 92.8 (64.9) 99.8 (100.0) 99.5 (99.7)
Rmerge‡ (%) 5.4 (26.6) 6.5 (32.3) 6.3 (34.2)
Ranom§ (%) 1.3 (7.0) 4.1 (7.5) 2.2 (11.4)
Redundancy 15.6 (12.7) 16.3 (16.9) 14.4 (10.0)
I/�(I) 8.2 (2.5) 7.4 (2.3) 7.1 (2.1)
Theoretical f 0/f 00 �2.219/0.585 �7.084/3.819 �9.941/3.823
Refined f 0/f 00 �2.139/0.341 �5.569/2.888 �7.043/2.257

Structure determination
Refinement

Reflections used 1729
Completeness (%) 92.8
R factor} (%) 25.3
Rfree†† (%) 26.9
No. of DNA atoms 326
No. of waters 5
R.m.s. deviation

Bond length (Å) 0.02
Bond angles (�) 2.6
Improper angles (�) 1.7

† Number of ssDNA in the asymmetric unit. ‡ Rmerge = 100 �
P

hklj jIhklj �

hIhkljij=
P

hkljhIhklji. § Ranom = 100 �
P

hklj jIhkljðþÞ � Ihkljð�Þj=
P

hklj½IhkljðþÞ +
Ihkljð�Þ�. } R factor = 100 �

P�
�jFoj � jFcj

�
�=
P
jFoj, where |Fo| and |Fc| are the

observed and calculated structure-factor amplitudes, respectively. †† Calculated using
a random set containing 10% of observations that were not included throughout
refinement (Brünger, 1992).



3. Results

3.1. Overall structures

The crystal of A6C-Br is composed of two types of anti-

parallel Bc-duplexes, I and II, shown in Fig. 3. Each duplex is

composed of G1�C8*, C2�G7*, G3�C6*, A4�A4*, C6�G3*, G7�C2*

and C8�G1* pairs, along with the bulged A5 and A5*. The final

OMIT maps for A4�A4* pairs are shown in Figs. 2(a) and 2(b).

The two Bc-duplexes are well fitted overall. Only the A4

residues in both duplexes exhibit a broadened density

between the two antiparallel strands, owing to their disorder,

even in the final OMIT maps. In Bc-duplex I, the two A4 bases

form a Hoogsteen/Hoogsteen pair in combination with syn

and anti conformations around the glycosidic bonds (see

Fig. 2a). The electron density of the syn conformer is poorer at

the piperidine ring. This might be ascribed to the mobility of

the adenine base, as the anti A4 base is completely sandwiched

by the base pairs above and below, whereas the piperidine ring

of the syn A4 base is exposed. The short C10� � �C10 distance

only allows the antiparallel anti–syn combination or vice versa.

In Bc-duplex II, however, the wider space and longer

C10� � �C10 distance allow the antiparallel syn–syn combination,

so that the two A4 bases form a Watson–Crick/Hoogsteen or a

Hoogsteen/Watson–Crick pair (see Fig. 2b). The disordered

residues have root-mean-square deviations (r.m.s.d.s) of 1.1 Å

in Bc-duplex I and 0.6 Å in Bc-duplex II. If the two Bc-

duplexes are superimposed, their r.m.s. coordinate difference

is 4.7 Å. A remarkable difference occurs at the flipped-out A5

residues. In Bc-duplex I, the two A5 residues are flipped out

but fold back to interact with the G3 residues of the same

strands. In Bc-duplex II, however, the flipped-out A5 residues

do not fold back and are fully extended,

interacting with the G7 residue of the

neighbouring Bc-duplex I, as shown in

Fig. 3(c). As a result, Bc-duplex I

accepts two A5 residues from two

different Bc-duplexes II, so that the Bc-

duplexes are linked together alternately

in the crystal.

3.2. Stem regions of Bc-duplexes I
and II

At one end of Bc-duplexes I and II,

three contiguous G�C base pairs are

formed, G1�C8*, C2�G7* and G3�C6*, and

similarly at the opposite end. It seems

that bromination at the second cytidine

residue has no effect on Watson–Crick

base-pair formation. These residues

adopt C20-endo puckers to maintain the

canonical B-form conformation, except

for the terminal C8 residues, which have

the C40-exo (close to C30-endo) confor-

mation in the Bc-duplex I and the O40-

endo (between C20-endo and C30-endo)

conformation in the Bc-duplex II (see

Table 2). This difference may be

ascribed to the surrounding solvent

structure and crystal packing.

3.3. A4�A4 base pair in Bc-duplex I

In Bc-duplex I, the Hoogsteen/

Hoogsteen A4�A4* pair, with hydrogen

bonds N6—H(A4)� � �N7(A4*) and

N7(A4)� � �H—N6(A4*), fits well to the
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Figure 2
Local OMIT maps around the A�A* base pairs (a, b) and local 2|Fo| � |Fc| maps around C�G�A
triplets (c, d). All maps were calculated using the final phases and contoured at the 1.0� level. Two
types of A4�A4* base pairs are assigned to the two Bc-duplexes I (a) and II (b). In both Bc-duplexes
the pair is disordered around the crystallographic twofold axis, shown by arrows. Two alternative
conformers are drawn in black sticks and thin grey lines, respectively. Two triplets, C6*�G3�A5 and
BrC2�G7*�A5**, are found in Bc-duplex I (c, d). Broken lines indicate possible hydrogen bonds with
distances (Å). * indicates the counter-strand. The A5** residue is from Bc-duplex II.

Table 2
Sugar puckers of A6C-Br.

The sugar pucker in the alternative conformer is given in parentheses.

Sequence Duplex I Duplex II

G1 C30-exo C20-endo
BrC2 C10-exo C20-endo
G3 C20-endo C20-endo
A4 C20-endo (C20-endo) C10-exo (C40-exo)
A5 C20-endo C40-endo
C6 C20-endo C20-endo
G7 C30-exo C20-endo
C8 C40-exo O40-endo



OMIT map (see Fig. 2a). The geometry appears symmetric

around the normal to the base planes, but the crystallographic

twofold axis is in fact parallel to the base planes. The distance

between the C10 atoms (11.0 Å) is slightly longer than that

(10.7 Å) of standard Watson–Crick pairs (see Table 3). This

pairing is similar to that found in a parallel DNA duplex

(Sunami et al., 2002), in which the two adenine bases are,

however, positioned trans to each other. In the present

structure, the pair formation between the two Hoogsteen

edges occurs between the two antiparallel strands, so that one

of the two A4 residues must have a syn conformation around

the glycosidic bond, adopting the C20-endo

sugar pucker (see Table 2).

3.4. A4�A4 base pair in Bc-duplex II

In Bc-duplex II, the A4�A4* pair, with

hydrogen bonds N1(A4)� � �H—N6(A4*) and

N6—H(A4)� � �N7(A4*) between the Watson–

Crick edge and the Hoogsteen edge of the

A4 residues, fits well to the OMIT map (see

Fig. 2b). The distance between the C10 atoms

(12.3 Å) is longer than that of the trans

Hoogsteen/Hoogsteen A�A base pair in Bc-

duplex I (see Table 3). This type of pairing

has not yet been observed in any X-ray

structures of DNA duplexes3. To form a

trans Watson–Crick/Hoogsteen A�A pair in

an antiparallel duplex, the two A4 residues

must have a syn conformation and adopt

C10-exo (close to C20-endo) and C40-exo

(close to C30-endo) sugar puckers (see

Table 2).

3.5. Bulged-out A5 residue of Bc-duplex I

In the Bc-duplex I, the two A5 residues

are bulged out and then folded back toward

their own phosphate backbones, entering

pockets in the minor groove of the duplex.

In each pocket, the adenine base interacts

with the G3�C6 pair to form a triplet. Two

hydrogen bonds, N1(A5)� � �H—N2(G3) and

N6—H(A5)� � �N3(G3) (see Fig. 2c) are

formed with the G3 residues of the same

strand (see Fig. 4). The A5 residue adopts a

C20-endo sugar pucker (see Table 2). This

type of A�G�C triplet is the first such

example in DNA crystal structures. This

type of interaction is designated here as the

‘intra-duplex hand-in-pocket’ motif.

3.6. Bulged-out A5 residue of Bc-duplex II

The two bulged-out A5 residues of Bc-

duplex II protrude from the double helix,

like extended arms, on either side of the

duplex (see Fig. 5). The A5 residue adopts a

C40-endo sugar pucker (close to C20-endo) (see Table 2). The

adenine moiety is in contact with the G7 residues in the pocket

of the minor grooves of a neighbouring Bc-duplex I through

the two hydrogen bonds N1(A5)� � �H—N2(G7) and N6—

H(A5)� � �N3(G7) (see Fig. 2d). This triplet formation is of the

same type as that found in Bc-duplex I (see Fig. 2c). The only

difference is that it occurs between the two Bc-duplexes. This
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Figure 3
Stereo diagrams of Bc-duplex I (a), Bc-duplex II (b) and their schematic interaction modes (c).
The stem regions, the A4�A4* base pairs and the bulged-out A5 residues are coloured grey, blue
and red, respectively. Arrows indicate inter-duplex interactions.

3 This type of A�A pairing has been seen in the crystal structures of small
organic molecules (Takimoto-Kamimura et al., 1986).



type of interaction is designated here as the ‘inter-duplex

hand-in-pocket’ motif.

3.7. Minor-groove pockets

Bc-duplex I accepts four bulged-out A5 residues: two

involved in intra-duplex interactions and the other two in

inter-duplex interactions at the two sites in the minor groove.

A mixed pair of A5 residues, one internal and one external, are

stacked on each other and inserted into each site, contacting

the G3�C6* and G7�C2* base pairs, as well as the corresponding

pairs in the symmetry-related site, as shown in Fig. 6. In the

Bc-duplex II, however, the corresponding minor grooves at

the G3�C6* (C6�G3*) and G7�C2* (C2�G7*) base pairs are open

and free from interactions with other

adenosine residues.

3.8. Backbone conformation

There are several notable conformational

features in Bc-duplex I, especially involving

torsion angles around the P—O50 bonds (�)

of the A5 residues. Small � angles (166–

175�) allow the bulged-out A5 residues to

fold back to form the intra-duplex hand-in-

pocket motifs. On the other hand, the C6

residues of the Bc-duplex II, which flank the

bulged-out A5 residues, have small � angles

(61�) and large C50–C40 (�) angles (185�),

allowing the protrusion of the A5 nucleotide.

4. Discussion

4.1. Effect of the A6C change on the
Bi-duplex formation

The present study shows that the

sequence d(gcGAACgc) forms two unique

types of Bc-duplexes, I and II, that differ

dramatically from the Bi-duplex found in

the parent d(gcGAAAgc) sequence

(Sunami et al., 2004a,b). It is thus clear that a

single mutation at the sixth residue induces

a large change in the duplex formation,

which is ascribed to the difference in

geometry between Watson–Crick and

sheared base pairs. Fig. 7 shows a super-

imposition of the stem regions of Bc-duplex

I and the Bi-duplex (Sunami et al., 2004a). In

the latter duplex, there is a short distance

between the C10 atoms of the G3�A6* pair

(8.4 Å) compared with that of a Watson–

Crick duplex (10.7 Å). This shortening

brings the two strands closer, so that the

subsequent residues have no space to form

base pairs between the strands. The present

study definitely supports our previous

proposal that the scaffold of the Bi-duplex is

the two G�A sheared pairs followed by

Watson–Crick pairing at both ends of the

duplex. Here, again, we conclude that

without these pairings the central X and Y

residues cannot adopt the base-intercalated

X–Y*–Y–X* base–base stacking essential to
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Table 3
Local base-pair parameters of A6C-Br.

The corresponding values for the remaining half of the duplexes are omitted owing to
crystallographic symmetry.

Base pair
Inclination
angle (�)

Tip
(�)

Twist
(�)

Rise
(Å)

Propeller
twist
angle (�)

Buckle
angle (�)

Opening
angle (�)

C10� � �C10

(Å)

Duplex I
G1�C8* �4 2 0 10.7

�4 �2 33 3.5
BrC2�G7* �9 �5 �5 10.8

�1 �6 40 3.0
G3�C6* 7 14 �5 10.5

n.d n.d n.d n.d
A4�A4* �6 �3 �177 11.0

Duplex II
G1�C8* �6 �1 �3 10.7

�4 0 34 3.3
BrC2�G7* �12 1 �2 10.9

17 5 33 3.3
G3�C6* �14 3 0 10.8

n.d n.d n.d n.d
A4�A4* �9 �9 �127 12.3

A-form 15 0 33 2.8 �12 0 1 10.7
B-form 2 0 37 3.3 �11 1 1 10.7

Figure 5
A stereoview of the bulged-out A5 residue of Bc-duplex II, which extends outside to interact
with the G7 residue of the neighbouring Bc-duplex I.

Figure 4
A stereoview of the bulged-out A5 residue of Bc-duplex I, which interacts with the G3 residue
of the same strand.



multiplex formation. Interest will next be focused on the

length of the central column.

4.2. A�A pair and A�G�C triplet formation

Two types of A�A pair formations have been found in the

present study (see Fig. 8a). One occurs between the Hoog-

steen edges. This pairing is similar to that found in a parallel

DNA duplex (Sunami et al., 2002). To form this pairing in an

antiparallel DNA duplex, the two adenine bases must adopt

syn and anti conformations or vice versa around the glycosidic

bonds. This contrasts with the parallel duplex, in which the two

adenines adopt anti conformations (see Fig. 8b). As another

example, a similar A(anti)�A(syn) mismatch is found in the

antiparallel DNA duplex complexed with the Escherichia coli

DNA-mismatch repair enzyme (MutS; Natrajan et al., 2003).

The other A�A base pair of the Bc-duplex II is formed

between the Watson–Crick edge and the Hoogsteen edge,

both of which adopt a syn conformation. This is the first

example of such a pairing in a DNA duplex, although it has

been reported in several antiparallel RNA duplexes (Baeyens

et al., 1996), including the 50S ribosomal RNA from Halo-

arcula marismortui (Ban et al., 2000) and the 30S ribosomal

RNA from Thermus thermophilus (Wimberly et al., 2000;

Carter et al., 2000), in which the adenine

bases are in the anti conformation.

The bulged-out A residues from the two

Bc-duplexes form an A�G�C ternary triplet

in the Bc-duplex I (see Fig. 9a). This triplet

formation differs from that found in

d(AGGCATGCCT) (see Fig. 9b; Nunn &

Neidle, 1996). In the present triplet, the

Watson–Crick edge of the adenine residue

interacts with the sugar edge of the guanine

residue through two hydrogen bonds,

N1� � �H—N2 and N6—H� � �N3. This

A(anti)�G(anti) interaction is also a new

interaction that has never previously been

found in structural studies of DNA mole-

cules. Recently, a similar interaction was

found in functional RNA molecules: the

ribosomal frameshifting viral pseudoknot

(Su et al., 1999) and the malachite green

aptamer (Baugh et al., 2000). Moreover,

although they are rare in DNA crystal

structures (Sunami et al., 2004b; Joshua-Tor

et al., 1992), bulged-in and bulged-out bases

have been found in X-ray structures of

functional RNAs, including the prokaryotic

and eukaryotic cytoplasmic ribosomal

decoding A site (Wimberly et al., 2000;

Carter et al., 2000; Vicens & Westhof, 2001,

2002, 2003; François et al., 2004, 2005;

Shandrick et al., 2004; Zhao et al., 2005; Han

et al., 2005; Kondo, François, Russell et al.,

2006; Kondo, Urzhumtsev et al., 2006;

Kondo, François, Urzhumtsev et al., 2006), the dimerization-

initiation site of genomic HIV-1 RNA (Ennifar et al., 2001;

Ennifar & Dumas, 2006), helix II of Xenopus laevis 5S rRNA

(Xiong & Sundaralingam, 2000) and group II self-splicing

introns (Zhang & Doudna, 2002). Therefore, it is expected

that the present interaction motifs may be involved in various

biological processes and may be useful for designing new

functional DNA molecules.

4.3. Biological significance of the consecutive bulged A
residues in a DNA duplex

In the present study, a new type of duplex containing two

consecutive bulged A residues has been found, with the two

residues bulged-in and bulged-out, respectively. The bulged-in

A4�A4* pairs are either Hoogsteen/Hoogsteen or Watson–

Crick/Hoogsteen (see Fig. 8a) depending on the directions of

the bulged-out A5 residues. One is folded back to interact with

the minor groove of the same duplex, while the other is

extended to interact with the minor groove of the neigh-

bouring duplex. This suggests that the bulged-in A�A pairs are

flexible in the Bc-duplex, consistent with their slight disor-

dering, so that the central bulged-in A�A pairs are responsible

for the movement of the bulged-out residues. The sequence

d(gcGAACgc) itself does not have any obvious biological
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Figure 7
Superimposition of the stem regions of Bc-duplex I (blue) and the Bi-duplex (red) (Sunami et
al., 2004a). Arrows indicate the conformational change of the phosphate backbones between
the Watson–Crick-type pairing and the sheared-type pairing.

Figure 6
A stereoview showing the A5–A5** stacking between the intra-duplex (red) and the inter-
duplex (blue) hand-in-pocket motifs in the minor groove of Bc-duplex I. The single asterisk
indicates the opposite strand in Bc-duplex I. The A5** residue is from Bc-duplex II.



meaning, but a pair of bulged-in and bulged-out A residues

could be useful as a molecular switch. Such a pair is exem-

plified with the ribosomal decoding A site. It has been

revealed by X-ray analyses that the prokaryotic A site as well

as the eukaryotic cytoplasmic A site have two conformational

states, the ‘off’ and the ‘on’ states (Carter et al., 2000; Kondo,

Urzhumtsev et al., 2006). In the ‘off’ state, two adenine resi-

dues (A1492 and A1493) or one of the two are bulged in. On

the other hand, the ‘on’ state has two bulged-out adenine

residues. When the cognate tRNA is delivered to the A site,

the A site changes its conformation from the ‘off’ state to the

‘on’ state. The two bulged-out adenine residues can recognize

the first two Watson–Crick base pairs in the cognate codon–

anticodon helix, which leads to the high fidelity of tRNA-

selection step. A similar situation is also proposed for the

catalytic action of U2-snRNA (Berglund et al., 2001). In the

present study, the two hand-in-pocket motifs of the bulged-out

residues are the first examples to be observed. It is expected

that these interaction motifs could be involved in various

biological processes in which DNA is in a single-stranded state

and has a complicated tertiary structure, like RNA. In addi-

tion, these motifs could be applicable for the design of new

functional DNA molecules. Recently, several RNA molecules

were designed, including dimeric nanoparticles (Jaeger &

Leontis, 2000; Jaeger et al., 2001; Liu et al., 2004), micrometre-

long RNA filaments (Jaeger & Leontis, 2000; Nasalean et al.,

2006) and a new class of self-folding RNA molecules similar to

domain P4-P6 of the natural Tetrahymena group I intron

ribozyme (Ikawa et al., 2002). These RNA molecules were

designed by RNA architectonics based on the accumulated

structural database of natural RNA

(Westhof et al., 1996; Jaeger & Chworos,

2006). Since DNA molecules are

chemically stable, they could be very

useful for several purposes. However,

our knowledge of structural motifs of

DNA is still limited. More extensive

studies of DNA in single-stranded

states, including non-Watson–Crick

pairings and/or repeated sequences are

required.
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