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Herein, we determined a high-resolution crystal structure of a
B-form DNA duplex containing consecutive dinuclear metal ion-
mediated base pairs, namely, 4-thiothymine—2Ag()—4-thiothymine
(S—2Ag(1)-S), and four Ag(i) ions form a rectangular network and the
distances between the Ag()) ions are 2.8-3.2 A, which may indicate
the existence of metallophilic attractions.

Strategies to use DNA as templates to generate functional
molecules, precisely designed molecular architecture, and nano-
scale devices have been widely investigated since nucleic acids
can be assembled in a sequence-directed manner to form multi-
dimensional structures.® Recently, duplexes containing metal-
mediated base pairs (metallo-base pairs), in which Watson-Crick
base pairs are replaced by metal-base coordination complexes,
have been identified. In addition, extensive studies on metal-
mediated pairs of natural and artificial bases have expanded the
design possibilities of functional DNA molecules.”> Metallo-base
pairs have been applied to DNA molecular devices, such as ion-
sensors,” electric transport nano-wires," and DNA magnets.’
Many metallo-base pairs consist of two bases (heterocycles) and
a metal ion placed between the bases to connect them.” For
example, in the presence of Hg(u) ions, a thymine-thymine
(T-T) pair in a duplex forms a metallo-base pair, T-Hg(i)-T
(Fig. 1a),° and in the presence of Ag(i) ions, a cytosine-cytosine
(C-C) pair forms C-Ag(1)-C (Fig. 1b).” Recently, metallo-base
pairs containing two metal ions between bases have been
identified. A 4-thiothymine-4-thiothymine (S-S) in a duplex
captures two Ag(1) ions to form a dinuclear Ag(1)-mediated base
pair, S-2Ag(1)-S; thus, the duplex was thermally stabilized in the
presence of Ag(1) ions.® The predicted structure of S-2Ag(1)-S is
shown in Fig. 1c. Metal ion binding to the pyrimidine base
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Fig. 1 Metallo-base pairs consisting of pyrimidine bases and metal ions.

pairs is highly selective; thus, Ag(1) ions do not bind to T-T pairs
and Hg(u) ions do not bind to C-C pairs under ordinary
circumstances.’ Therefore, a minor modification of the pyrimidine
base strongly affects the metal ion binding properties, such as the
4-carbonyl group being converted to a thiocarbonyl group® and
substitutions at the 5-position of uracil residues."®

To date, several dinuclear metal ion-mediated base pairs
have been reported.'* Miiller and colleagues used an artificial
base to form metallo-base pairs containing two Ag(i) ions'> and
two Hg(u) ions'?® in antiparallel- and parallel-oriented duplexes.
In addition, Seela and colleagues used ring-expanded pyrimidine
bases to form extremely stable dinuclear Ag(1)-mediated base pairs
in antiparallel- and parallel-oriented duplexes.™*

Only a few studies have provided structural information on
nucleic acid duplexes containing metallo-base pairs.>* Recently,
we solved the solution structure of a DNA duplex containing two
consecutive T-Hg(u)-T base pairs using NMR spectroscopy? and
X-ray crystallography.® In the present study, we performed X-ray
analysis of a DNA duplex containing consecutive dinuclear
Ag(1)}mediated base pairs, S-2Ag(1)-S (Fig. 2). Four Ag(y) ions
metallophilically interacted in a B-form duplex. Data acquired in
crystalline and solution states provide a reliable structural basis for
advanced design and further development of metallo-DNAs.

The DNA dodecamer d(CGCGASSTCGCG) (S = 4-thiothymine),
hereafter referred to as 12SS, was designed to fold as a self-
complementary duplex containing tandem S-S mispairs at the
centre (Fig. 2a). These DNA fragments are commonly used as
models in crystallographic studies of B-form DNAs containing
natural bases, artificial bases, and metallo-base pairs. Recently,
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Fig. 2 Secondary structure (a) and crystal structure (side view (b) and top
view (c)) of 12SS/Ag(). In these figures, Ag() ions are shown as gray
spheres. In (c), only two S—2Ag(1)-S base pairs are shown, and the covalent
bonds between Ag(l) and base residues are represented by dashed lines.

the crystal structure of a DNA duplex containing consecutive
T-Hg(u)-T base pairs has been solved using d(CGCGATTTCGCG),
12TT.%

The DNA dodecamer 12SS was synthesized on a DNA synthe-
sizer using commercially available phosphoramidite units,
after which the dodecamer was deprotected using protocols
recommended by the provider. The deprotected dodecamer was
purified using HPLC with a reverse-phase silica gel column.®
The 12SS was co-crystallized with Ag(r) ions. The crystal structures
of 12SS/Ag(1) were deposited in the Protein Data Bank (PDB) under
ID codes 5XUV. A detailed description of the Materials and
methods is included in the ESL¥

In the presence of Ag(i) ions, 12SS formed an antiparallel
right-handed double helix (Fig. 2a and b). At both ends of the
double helix, canonical Watson-Crick G-C and A-T pairs were
formed. In the center of the double helix, two Ag(1) ions were
placed in each S-S mispair and formed S-2Ag(1)-S metallo-base
pairs (Fig. 1c); thus, the four Ag(i) ions were placed in proximity.
Additionally, a K" ion bridges two O, atoms of the S-S mispair
(Fig. 3a). The local helical parameters, intra-base pair para-
meters, and pseudorotation phase angles clearly indicate that
the duplex adopts a standard B-conformation (ESIL, Tables S2
and S3). Furthermore, the overall duplex structure was similar
to that of a duplex containing consecutive T-Hg(u1)-T metallo-
base pairs, 12TT/Hg.% The formation of S-2Ag(1)-S base pairs
did not significantly affect the overall B-form conformation.

The electron density maps and geometries of the S-2Ag(1)-S
base pairs are shown in Fig. 3a. The 2|F,| — |F.| maps for
S-2Ag(1)-S pairs are broadened at the center, where the Ag(i)
ions are found. Based on the omit map calculated after removing
the four Ag(1) ions, the metal ion occupies the center between the
two S residues. N3---Ag(1) and S4---Ag(1) distances are around
2.1 A and 2.4 A, respectively; thus, N3- - N3 and S4- - -S4 distances
in each metallo-base pair are around 4.2 A and 4.8 A, respectively,
and the numerical values are indicative of the disappearance
of hydrogens (imino protons). Overall, the imino protons disso-
ciated to generate anionic pyrimidine bases, between which
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Fig. 3 Structures of S—2Ag()-S base pairs. (a) Local 2|F,| — |F¢| (blue: 1 &
contour level) and omit (magenta: 10 ¢ contour level) maps for S—2Ag(1)—-S
base pairs. Ag(l) ion arrangements in metallo-base pair planes are shown.
Ag() ions and K* ions are shown as gray and green spheres, respectively.
Distances (A) between N3 and Ag()), thiocarbonyl and Ag() are represented
by lines, and distances between Ag() ions are represented by double
headed arrows. (b) Ag() ion arrangements between the metallo-base pairs
are shown. For better understanding, K* ions are not shown in this figure.
The inter-base pair Ag())- - -Ag() distance of N3—-Ag()—N3 is shown in red
and that of S—2Ag(1)-S in black.

Ag(1) ions are incorporated to form the metallo-base pair,
S-2Ag(1)-S.

The propeller twist angles of the S-2Ag(1)-S base pairs (—19°
and —21°) are larger than that of the canonical Watson-Crick
base pairs in the B-form DNA (—1°) (Fig. 3b and ESI,+ Table S2).
This property is similar to that of T-Hg(u)-T% and C-Ag(1)-C"”
pairs, in which propeller twist occurs since there is no extra
bond (excluding the N3-Hg(u)-N3 and N3-Ag(i)-N3 bonds
between two pyrimidine residues) and due to the repulsion of
carbonyl groups and amino groups, respectively (Fig. 1). Although
4-thiothymine residues are connected by two silver-mediated
bonds, N3-Ag(1)-N3 and S4-Ag(1)-S4, and a potassium-mediated

This journal is © The Royal Society of Chemistry 2017
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bond, 02-K'-02, the propeller twist angles of the S-2Ag(1)-S pairs
are as large as those of T-Hg(u)-T and C-Ag(i)-C pairs. The
C1’---C1’ distances of the S-2Ag(1)-S base pairs (9.2 A and 9.4 A)
are more than 1 A shorter than those in the canonical Watson-
Crick base pairs (~10.7 A), but the S-2Ag(1)-S base pairs fit into
the B-form conformation (ESI, Tables S2 and S3).

The intra-base pair Ag(1)- - -Ag(1) distance in each S-2Ag(1)-S
is 2.8 A (Fig. 3a), much less than the sum of their van der Waals
radii (3.44 A)."> The numerical value, 2.8 A, is suggestive of a
metallophilic interaction between Ag(i) ions.'® Similar values
for Ag(1)- - -Ag(1) distances in metallo-base pairs were estimated
based on DFT calculations.">*%¢

In the B-form DNA, the helical axis runs through the center
of the base pairs, and the Ag(1) ions in the S-2Ag(1)-S base pairs
are aligned along the helical axis (Fig. 2c). The inter-base pair
Ag(1)- - -Ag(1) distances are 3.0 A and 3.2 A (Fig. 3b). The distance
between the two Ag(i) ions between the N3 positions (shown in
red, in the center of the helix) is slightly shorter than that of the
two Ag(1) ions between the 4-thiocarbonyl groups (shown in
black, slightly strayed off the center of the axis). The numerical
values, 3.0 A and 3.2 A, are shorter than the distances between
Watson—Crick base pairs in B-form DNA (3.4 A), which is
indicative of a metallophilic attraction between Ag(r) inter-base
pairs. A similar metallophilic attraction has been observed in
the above-mentioned crystals of the DNA duplex containing
consecutive T-Hg(u)-T base pairs.® A Hg(u)- - -Hg(u) distance of
3.3 A was indicative of a metallophilic attraction for Hg(u). The
NMR solution structure of a B-form DNA duplex containing three
consecutive imidazole-Ag(1)-imidazole base pairs'’ showed
an average Ag(1): - -Ag(r) distance of 3.45 A. Thus, it is important
to compare the Hg(n) --Hg(n) distance®® and Ag()---Agf(i)
distances in this study since the DNA sequences and whole
duplex structures in the two crystals are similar. The
Ag())- - -Ag(1) distances (3.0 A and 3.2 A) are smaller than the
Hg(n) - -Hg(n) distance (3.3 A), which may indicate that
S-2Ag(1)-S pairs are more tightly fixed into the duplex structure.
The short distances and the relatively large propeller twist
angles of the S-2Ag(1)-S base pairs might be explained by
metallophilic attractions.

A schematic representation of the steric arrangement of four
Ag(1) ions is shown in Fig. 4(i). The four Ag(1) ions were arranged
in a rectangle (approximately square)-shaped network and the
distances between the Ag(i) ions were 2.8-3.2 A, which may
indicate the existence of metallophilic attractions. In addition,
four Ag(r) ion clusters are regularly arranged in a three-
dimensional space in the crystal (Fig. 4(ii)). The distances
between the four Ag(i) ion clusters are 25-30 A.

Recently, a strategy to knit DNA strands and obtain nanoscale
architecture (known as “DNA origami”) has been developed.'®
Crystals consisting of functional oligonucleotides may be another
strategy to construct DNA-based architecture, in which the func-
tional groups are precisely arranged in a three-dimensional
space.””'® For instance, crystals consisting of metal-DNA nano-
wires with uninterrupted one-dimensional silver arrays have been
identified.”” In the crystals, silver atom arrays are precisely
arranged to form the three-dimensional nanoscale architecture.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (i) A schematic representation of a steric arrangement of four Ag()

ions. (i) A three-dimensional representation of Ag()) in the crystal. Ag()) is
extracted and oligonucleotides are removed. The views are down the
crystallographic a-, b- and c-axes, respectively.

In conclusion, crystal structures of DNA duplexes revealed
the following: (i) Ag(1) ions stabilize the B-form conformation by
forming S-2Ag(1)-S base pairs, (ii) the dinuclear Ag(1)-mediated
base pair is structurally replaceable with normal Watson-Crick
base pairs based on the size and position within the B-form
DNA duplex, (iii) four Ag(1) ions form a rectangular network and
the relatively short Ag(r)- - -Ag(1) distances observed inside DNA
are suggestive of the stabilizing metallophilic attraction between
Ag(1) ions in consecutive S-2Ag(1)-S base pairs. The crystal structure
of the metallo-DNA duplex containing the consecutive dinuclear
Ag(1}mediated base pairs provides the basis for the structure-based
design of metal-conjugated nucleic acid nanomaterials.
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