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CRYSTAL STRUCTURE OF d(gcGXGAgc) WITH X=G: A MUTATION
AT X IS POSSIBLE TO OCCUR IN A BASE-INTERCALATED DUPLEX
FOR MULTIPLEX FORMATION

Jiro Kondo, Tanashaya Ciengshin, Ella Czarina Magat Juan, Yoshiteru Sato,
Kenta Mitomi, Satoru Shimizu, and Akio Takénaka o Graduate School of
Bioscience and Biotechnology, Tokyo Institute of Technology, Yokohama, Japan

o DNA fragments with the sequences d(gcGX[Y],Agc) (n=1, X=A, and Y=A, T, or G) form
base-intercalated duplexes, which is a basic unit for formation of multiplexes such as octaplex
and hexaplex. To examine the stability of multiplexes, a DNA with X=Y= G and n= 1 was
crystallized under conditions different from those of the previously determined sequences, and ils
crystal structure has been determined. The two strands are coupled in an anti-parallel fashion to
Jorm a base-intercalated duplex, in which the first and second residues form Watson-Crick type
G:C pairs and the third and sixth residues form a sheared G:A pairs at both ends of the duplex.
The G; and Gs bases arve stacked alternatively on those of the counter strand to form a long G
column of Gs-G;-G5*-G5-G;*-Gg*, the central four Gs being protruded. In addition, the three
duplexes are associated to form a hexaplex around a mixture of calcium and sodium cations on
the crystallographic threefold axis. These structural features are similar to those of the previous
crystals, though slightly different in detail. The present study indicates that mutation at the 4th
position is possible to occur in a base-intercalated duplex for multiplex formations, suggesting that
DNA fragments with any sequence sandwiched between the two triplets gcG and Agc can form a
multiplex.

Keywords DNA; Base-intercalated duplex; DNA hexaplex; X-ray structure; Repetitive
DNA sequence
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INTRODUCTION

We have reported that DNA fragments with the sequence
d(gcQX[Y]négc)* (X=A;Y=A, T, or G;and n=1) form a base-intercalated
duplex!!=* that is a basic unit for further formation of several types of multi-
plexes. Such multiplex formations suggest that similar repetitive sequences
found in human genome may have some biological significance.[*] At both
ends of the duplex, two Watson-Crick G:C base pairs are formed. The critical
point of the duplex, however, is that the subsequent Gs residue forms a base
pair with the Ag residue of the counter strand, in which the two hydrogen
bonds are formed through N3(G)...H-N6(A) and N2-H(G)...N7(A). This
pairing occurs between a Sugar-edge and a Hoogsteen-edge, typical of the
sheared type (trans Sugar-edge/Hoogsteen type) with shorter C1'...Cl’
distance. As a result, the central parts of the two strands are forced to come
together closer, and the A4 and Xj residues are not involved in any base
pair interactions. Instead those residues form an intercalated A4-X5*-X5-A4*
(*indicates residues in the counter strand) base-base stacked column. In
addition, the central column is protruded from the duplex so that three or
four duplexes can be associated to form a multiplex, in which several cations
and anions facilitate the multiplex formation. It seems that the fourth A
residues are just stacked between the upper and lower residues with no
specific roles in the structures of d(gcGA[Y]1Agc) (Y=A, T or G), and thatit
can be replaced with any other base. If so, itis expected that base-intercalated
duplexes of repetative sequences would have a variety of biological signifi-
cance. To examine the versatility of the fourth residue, the crystal structure
of d(gcGG[G]1Agc) (hereafter GGA-Br), which is mutated at the 4th and/or
5th positions of the previous sequences!!~* has been determined.

MATERIALS AND METHODS
Preparation

GGA-Br was synthesized on a DNA synthesizer, the second residue being
modified with 2-deoxy-5-bromocytidine for phasing in X-ray analysis. This
octamer was purified by HPLC and gel filtration. Crystals were obtained at
293 K by the hanging-drop vapor diffusion method in droplets mixed 1 ul
of 1.0 mM DNA and 1 ul of the reservoir solution containing 50 mM sodium
cacodylate (pH 7.0), 10 mM spermine tetrahydrochloride, 20 mM calcium
chloride, 100 mM sodium chloride, and 10% (v/v) 2-methyl-2,4-pentanediol.
Crystals were smaller than those that are ordinarily used for X-ray diffraction
studies. They were mounted in nylon cryoloops (Hampton Research, CA)

*Small and underlined characters indicate that they can form Watson-Crick G:C and sheared G:A
base pairs, respectively, when the fragments are aligned in an anti-parallel fashion for self-assembly or
folding.
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with solutions a solution containing 35% (v/v) 2-methyl-2,4-pentanediol as
a cryoprotectant and stored in liquid nitrogen prior to X-ray experiments.

Data Collection

X-Ray data were collected at 100 K with synchrotron radiation
(A=0.900 A) at BL44XU of SPring-8 (Harima, Japan), using a DIP2040
detector (Mac Science, Japan) set 500 mm from the crystal. Diffraction pat-
terns were processed in a resolution range from 32 to 3.6 Awith the program
MOSFLM.P! Intensity data were then put on a relative scale and merged into
the independent reciprocal space using the program SCALA in CCP4suite.®
The crystal belongs to the space group P63 with unit cell dimensions of
a=b=36.4Aand c=62.8 A. There were 525 unique reflections with 93.6%
completeness and Ryerge Of 11. 2%.

Structure Determination and Refinement

The unit cell dimensions are very close to those of d(gcGA[Y]1Agc)
(Y=A, T, or G), and the space group is similar but different (P63 and
P6522).112] Therefore, molecular replacement (program AMoRel”) with
the crystal structure of d(gcGA[A]1Agc)!? gave a unique solution with
Cc=81.3% and R-factor = 32.4% in aresolution range from 15 to 4.5 A, from
which initial phases of diffraction data were successively derived. The initial
electron density map was improved by density modification followed by sol-
vent flattening (solvent content 43.8%) with the program CNS.!8! The atomic
parameters of the structure were refined with the program CNS through a
combination of rigid-body refinement, simulated-annealing, crystallographic
conjugate gradient minimization refinements, and B-factor refinements. As
the resolution of the data was not so high, structural restraints were ap-
plied on all base-base interactions throughout refinements. Furthermore, a
non-crystallographic twofold symmetry restraint was applied between the two
crystallographically independent DNA strands of the duplex. After several
cycles of structure refinements, five strong densities were observed on the
crystallographic threefold axis. Although it was difficult to identify the types
of atoms due to the low-resolution data, calcium cations were assigned by
taking specific features of ions into account, and these calcium ions were
included in the final refinement (details are discussed below).

The final R-factor was 29.4% for 10-3.6 A resolution data (Rree = 32.9 for
15.0% of the observed data!®’). All local helical parameters including torsion
angles and pseudorotation phase angles of ribose rings were calculated using
the program 3DNA.1%! The statistics of structure refinement are summarized
in Table 1. A 2| F;| — | ;| map, shown in Figure 1, was drawn with the program
PyMOL (DeLano Scientific LLC, CA). Other figures were drawn with the
program RASMOL.1!
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TABLE 1 Crystal Data, Statistics of Data Collection and

Statistics of Structure Refinement

Crystal data
Space group
Unit cell (A)
th

Data collection

P63
a=0=36.4,c=62.8
1

Beamline BL44XU of Spring-8
Wavelength (A) 0.900
Resolution (&) 32-3.6
Observed reflections 33,760
Unique reflections 525
Completeness (%) 93.6

in the outer shell (%) 95.3
Ruerge (%) 11.2

in the outer shell (%) 29.3

Structure refinement
Resolution range (A)

10-3.6 (f, > 30)

Used reflections 458
R-factor (%)°¢ 29.4
Rfreed 32.9
Number of DNA atoms 334
Number of ions 5Nat, 2Ca%t
Number of water molecules 2
R.m.s. deviation

Bond lengths (A) 0.009

Bond angles (°) 1.2

Improper angles (°) 1.0

“Number of dsDNA in the asymmetric unit.

b Rerge =100 X Sygj Duttj— (ki) 1/ it (Tt )-

“R-factor=100 x || I, | — |||/ 2|/, where |F| and
|F.| are the observed and calculated structure factor
amplitudes, respectively.

“ Calculated using a random set containing 10% of obser-
vations that were not included throughout refinement.’

RESULTS AND DISCUSSION
Structure of the Base-Intercalated Duplex of GGA-Br

Asshown in Figure 1, an overall 2| ;| — | F¢| map well defines the structure
of GGA-Br even though the data was obtained at low resolution. The crystal
data shows isomorphism with the crystals of d(gcGA[Y]1Agc) (Y=A, T, or
G) obtained under conditions containing hexammine cobalt chloride.!!-?)
As the present crystallization condition did not contain hexammine cobalt
chloride, the space group is slightly different (P63 for the present crystal
and P6322 for the previous one). However, as expected, GGA-Br also forms
base-interculated duplexes similar to those of d(gcGA[Y]1Agc) (Y=A, T, or
G).['=1 Schematic diagram and a stereo-view of GGA-Br are shown in Figure
2. Two DNA octamers related by a non-crystallographic two-fold symmetry
are aligned in an anti-parallel fashion are associated to each other to form a



09: 55 26 January 2011

Downl oaded At:

Crystal Structure of d(gcGXGAgc) 697

FIGURE 1 An overall 2|F;| — |F¢| map of the base-intercalated duplex of GGA-Br. Density is contoured
at 1o level. Formations of sheared G3:As™* and Ag:G3* base pairs make two phosphate backbones closer

in the central region of the duplex.

base-intercalated duplex. As shown schematically in Figure 2 (a), the duplex
consists of two parts, the stem and the central regions. In the stem region
of the duplex, two Watson-Crick base pairs, G;:Cg* and Co:G7*, are followed
by a sheared Gg:Ag* base pair (see Figure 3). On the other hand, no base
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FIGURE 2 Schematic diagram (a) and a stereo-view (b) of the base-intercalated duplex of GGA-Br.
* Indicates a residue in the counter strand.
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FIGURE 3 Base pairs found in the stem region of the base-intercalated duplex of GGA-Br. Base pairs
for one end of the duplex are shown due to the non-crystallographic twofold symmetry. Broken lines
indicate possible hydrogen bonds. * Indicates a residue in the counter strand.

pair formations occur in the central region of the duplex. Six Gs make a
long poly-guanine stacked column Gs-G4-G5*-G5-G4*-Gs*, and expose their
Watson-Crick and Hoogsteen edges into the solvent region. These structural
features are quite similar to those of the previous sequences.! =4

Significance of Sheared G;:Ag* and Ag:G3;* Base Pairs

The Gg residue forms a pair with the Ag residue of the counter strand
in non-Watson-Crick geometry, through hydrogen bonds between N2(Gs)
and N7(As*) and between N3(Gs) and N6(Ag*), as shown in Figure 3 (¢).
This type of pairing has been found in some functional RNA molecules,
such as hammerhead ribozymes.m_m The C1'-C1’ distances of these pairs
(8.2-8.3 A) are shorter than that (10.7 A) of the standard Watson-Crick
pairs. The two bases are not coplanar and their propeller twist angles be-
come larger (22.5-22.7°). However, the two residues adopt a conformation
close to the C2-endo pucker. In consequence, it can be concluded that the
sheared G:A base pair formations in the two stems are essential to make the
two phosphate backbones closer and to stabilize the central G4-G5*-Gs-G4*
intercalated stacking.
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Residues in the Central Region

Similar to those in the base-intercalated duplexes of d(gcGA[Y]1Agc)
(Y=A, T, or G),['=4 the central 4th and 5th residues, G4 and G5, are not
involved in any base-pair formations. Their base moieties are stacked on
those of the other strand, so that G4 is intercalated between Gs and Gs*,
and Gs is intercalated between G5* and G4* (see Figure 2). The G4 residue
adopts C4’-exo (close to C3'-endo) pucker, which is necessary to make an
open space for intercalation of the G5* base between the G4 and G5 residues.
As discussed above, the Gg:Af pairs serve as scaffolds, which support the
subsequent G4-G5*-G5-G4* intercalated stacking. The residues in the poly-
guanine stacked G3-G4-G5*-G5-G4*-Gs™ column expose their Watson-Crick
and Hoogsteen edges into the solventregion to interact with the surrounding
molecules. These findings confirm that the 4th residue can be replaced with
any other bases in the formation of the base-intercalated duplex.

Hexaplex Formation

The GGA-Br crystal, which is obtained under a condition containing
sodium and calcium ions, has the crystallographic threefold symmetry along
the c-axis, around which three base-intercalated duplexes are assembled to
form a DNA hexaplex (see Figures 4 and 5). The overall structure of this
hexaplex is very similar to those of d(gcGA[Y];Agc) (Y=A, T, or G) ob-
tained under conditions containing hexammine cobalt chloride.[!:?! No di-
rect hydrogen-bonding contacts are observed between the base-intercalated
duplexes.

FIGURE 4 A stereo-view of the hexaplex composed of the three base-intercalated duplexes found in the
GGA-Br crystals. Five ions are observed on the threefold axis.
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FIGURE5 Astereo-view of the central region of the GAA-Br hexaplex. Three base-intercalated duplexes
are assembled around the crystallographic threefold axis. Values indicate atomic distances (A) from ions
to O6 atoms of guanine residues.

Role of lons

Due to low diffraction resolution, only a few solvent densities were found.
As mentioned in materials and methods, five strong densities are found on
the crystallographic threefold axis (see Figure 5). Although it is difficult to
identify the types of atoms, it is possible to postulate their nature by taking
the crystallization condition into account. In crystallization, sodium chloride
and calcium chloride were used as cement. The space around the crystallo-
graphic three-fold axis is surrounded by the negatively charged O6 atoms of
Gs, G4, G5, Gs, G4*, and G3* residues. Therefore it is plausible to assume
that a mixture of calcium and sodium cations can occupy the long negative
tunnel.

At the center of the negative tunnel in the hexaplex (see Figure 6), six O6
atoms of Gj residues surround the site 1. The distance (2.8 A) between the
site 1 and the O6 atoms is slightly longer than those of normal Na—O and
Ca—O bonds (2.29-2.50 A and 2.33-2.46 A, respectively).'” This sequence
is similar to that of the hexaplex of the previous sequence d(gcGA[G]1Agc),
in which a sodium cation occupies the site.l!] Likewise, the center of the
present sequence must be occupied by a sodium cation.

The major difference is observed at the 4th residue mutated for the
presentinvestigation. In the previous d (gcGA[G]1Agc) hexaplex, the central
point of the three A4 residues (corresponding to site 2) is a positive space
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FIGURE 6 Assemblies of the three Gs (a), G4 (b), and G5 (c) residues around the crystallographic
threefold axis in the hexaplex of GGA-Br. In (c), the site 1 is just a mid-point between the stacked
Gs-triplets. Values indicate atomic distances (A) from ions to O6 atoms of guanine residues.

surrounded by the amino groups, at which a chloride ion is reasonably ac-
commodated to stabilize the hexaplex.!!! In contrast, the present mutant
GGA-Br has G residues that make this space negative. Therefore, it is rea-
sonable to consider that the site 2 is occupied by a mixture of calcium and
sodium cations.

Another difference is found at the site 3. In the previous d (gcGA[G]1Agc)
hexaplex, Hoogsteen edges of the three Gg residues, which form G:A sheared
pairs, are facing each other around the three fold-axis, so that three N7
atoms and three O6 atoms make a negative space with an octahedral shape.
At this site, a hexammine cobalt cation fits well into the space through
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hydrogen-bonds between six ammonias bound (coordinated) to the cobalt
atom and the O6 and N7 atoms.l') In GGA-Br, however, the crystallization
condition does not contain hexammine cobalt cation. Instead, a mixture of
calcium and sodium cations may occupy the site 3. The long distance be-
tween the center and O6 atoms (3.7 A) suggests that the cation is hydrated.
Since the hexaplex has a non-crystallographic twofold symmetry, there are
two sites with the same features.

The present mutant also has a high potential to form an octaplex with
I'motif of G-quartet under low potassium concentration, similar to that ob-
served in the previous sequence d(gcGA[G] 1Agc),[4] because the Gj residue
is essential for octaplex formation is conserved. It is known that quadruplex
formation with G-quartet is stabilized by sodium, potassium and calcium
cations.['617] Despite the fact that calcium and sodium cations were used for
crystallization of the present mutant, the multiplex is hexa-assembly. There-
fore, potassium cation is essential for octaplex fomation, but a mixture of
calcium and sodium cations may disturb this process.

Biological Significance of the Sequence d(gcGX[Y],Agc)

From analyses of human genome sequence,!'®19 it was revealed that a

large amount of repetitive sequences (transposon-derived sequences, sim-
ple sequence repeats (SSRs), segmental duplications, and repetitive se-
quences in heterochromatin) are dispersed throughout the human genome,
whereas the coding sequences account only 1.2% of the euchromatin. It
can be expected that such repetitive DNA sequences are in single-stranded
states at a moment during dynamic biological processes such as replica-
tion, transcription, recombination and cell development. They may form
complicated three-dimensional structures for specific biological functions.
For example, the G-rich DNA repeats found in some SSRs and in the
telomere are able to form quadruplexes with G-quartet.l?”) We reported
that the DNA sequence d(gcGX[Y],Agc) (X=A or G; Y=A, T, or G;
n=1) forms a base-intercalated duplex. These structures suggest that the
sheared G:A base pairs that flank X[Y], inserts facilitate the formation
of the base-intercalated duplexes. Such sequences are dispersed specially
throughout the repetitive sequences in eukaryotic genome. Examples are
d(ccGA[G]4Agg), d(gGA[G]oAc) and d(tgGA[G]3Aca) sequences in Homo
sapiens variable number of tandem repeats!?!=23! and the Drosophila cen-
tromeric sequence d(GTACGG[G];ACCGA),,.[**! An NMR study suggested
that the sequence may form a stable fold-back structure,!®! which is very
similar to the base-intercalated duplex found in the present GGA-Br crystal.
These structural features suggest that a large amount of repetitive sequences
in genome, which have been considered as “junk,” would have specific func-
tions supported by the specific three-dimensional structures.
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The present study shows that mutation at the 4th position is possible to

occur in a base-intercalated duplex for multiplex formations. This fact sug-
gests that DNA fragments with any sequence sandwiched between the two
triplets gcG and Agc can form a multiplex. Investigations on repeats in hu-
man genome having such sequences may lead to discovery of new biological
functions.

Database Deposition

The structure has been deposited in the Protein Data Bank (accession

code 2FZA).
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