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The ligands (Bpy-H, 5) have been designed to connect the Hoechst33258 skeleton for DNA binding and 2,2 "-bipyridine for Cu 2* complexation.
It has been revealed that the new Hoechst ligand long Bpy-H (5L) having a long linker exhibits Cu Z*-mediated assembly on the DNA template
having two A 3T sites in a selective manner depending on the length of the linker of the ligand as well as on the distance between the two

AsT3 sites of DNA.

Oligonucleotides and their analogues have provided potentialwith small molecules, we have recently reported new
tools for artificial regulation of gene expression in a bidentate minor-groove binders (bis-Hoechst, bis-H) for the
sequence-specific manner, and some of them are currentlyDNA sequence with two remotes&; binding sites as well
undergoing clinical evaluation. Recently, small molecular as for the three-way junction DNA (Figure 1A)The
DNA binders have attracted much attention because of theirstructure of the bidentate ligands is characterized by the
unique binding properti€salthough they normally recog-  polyether linker that is introduced at the convex side of the
nize a limited area of DNA co_mpared tq ollgonucleoudes_. (2) (@ Gottesfeld, J. M. Melander, C.. Suto, R, K. Raviol. H. Lugar,
For example, because of their small size, they are easilyk.; Derven, P. B.J. Mol. Biol. 2001, 309, 615-629. (b) Leslie, K. D.;

accessible to DNA not only with normal structures but also Fox, K. R.Biochemistry2002,41, 3484—3497. (c) Edayathumangalam, R.
. . . S.; Weyermann, P.; Gottesfeld, J. M.; Dervan, P. B.; LugaRoc. Natl.
with noncanonical ones. Thus, they target a large repertoire acaqg. Sci. U.S.A2004,101, 6864—6869.
of nucleic acid structures such as nucleosomal NA, - (_3;]) (@) Ehir&-ya, If Wi$rzl%a, K.L]MAatsug,hK.; Oshtggile.l;z\;arln;g;, Y.,
: urihata, K.; Hayakawa, Y.; Seto, H. Am. Chem. So ,123, -
quadrupleX triplet repeatd,branched DNA, and so on. In 1263, (b) Rezle?” E. M.: Seenisamy, J.. Bashyam. S.: Kim. M. .. White,
our approach to recognition of a noncanonical DNA structure E.; Wilson, W. D.; Hurley, L. H.J. Am. Chem. So@005, 127, 9439—
9447. (c) Dixon, I. M.; Lopez, F.; Esteve, J. P.; Tejera, A. M.; Blasco, M.
A.; Pratviel, G.; Meunier, BChembiochen2005,6, 123—132.
T Kyushu University. (4) (a) Nakatani, K.; Hagihara, S.; Goto, Y.; Kobori, A.; Hagihara, M.;
8 CREST, Japan Science and Technology Agency. Hayashi, G.; Kyo, M.; Nomura, M.; Mishima, M.; Kojima, Glat. Chem.
(1) (a) Reddy, B. S. P.; Sharma, S. K.; Lown, J. @urr. Med. Chem Biol. 2005,1, 39-43. (b) Peng, T.; Nakatani, KAngew. Chem., Int. Ed
2001,8, 475—-508. (b) Baraldi, P. G.; Bovero, A.; Fruttarolo, F.; Preti, D.; 2005,44, 7280—7283.
Tabrizi, M. A.; Pavani, M. G.; Romagnoli, Rvied. Res. Re:2004, 24, (5) (a) Carpenter, M. L.; Lowe, G.; Cook, P. Rucleic Acids Res996
475-528. (c) Dervan, P. B.; Poulin-Kerstien, A. T.; Fechter, E. J.; Edelson, 24, 1594-1601. (b) Oleksi, A.; Blanco, A. G.; Boer, R.; Uson, |.; Aymami
B. S. Top. Curr. Chem2005, 253, 1-31. (d) Pindur, U.; Jansen, M; J.; Rodger, A.; Hannon, M. J.; Coll, Mingew. Chem., Int. EQ006,45,
Lemster, T.Curr. Med. Chem2005,12, 2805—2847. 1227-1231.
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Figure 1. General concept of a self-assembling system on a DNA
template by multiple coordination with a metal cation. (A)

Covalently connected bis-Hoechst binds nearby binding sites. (B)

The noncovalent assembly of Bpy-H is mediated by*Giordina-
tion on a DNA template.

Hoechst molecule. A multiple-binding mode as shown in
Figure 1A might be expanded to multidentate binding toward

long DNA sequences. In this study, we have attempted to

establish a new binding mode in which small molecular

ligands may assemble on a DNA template by multidentate

coordination with the metal cation (Figure 1B). As a starting

point for such an assembling system, we designed a newDNA2(1)

Hoechst ligand having a 2;Bipyridine as a metal-chelating
unit (long Bpy-H 6L) and short Bpy-H %S) in Scheme 1).

Scheme 1. Synthesis of Bpy-H Ligands
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The Hoechst compounds bearing a’Apyridine unit
were synthesized starting with a 2-bromopyridine deriva-
tive (1)” (Scheme 1). The pyridine derivative) fvas obtained
from 1 with N-Boc protected 2-(2-aminoethoxy)ethanol,
which was coupled with 2-methyl-6-(tributylstannanyl)-
pyridine? followed by deprotection of th&l-Boc group to
yield the bipyridylamine 3). The Hoechst derivative4|®
containing a different length of linker was condensed
with the bipyridyl unit (3) to produce the corresponding
bipyridyl-connected Hoechst with a short linker= 0), short
Bpy-H (5S), and with a long linker (= 2), long Bpy-H
(5L).

The binding constants of Bpy-H5( and 5S) were
determined by fluorescence titration with DNAtRving a
single AgT; site (Figure 2). It was shown from a titration

DNA1 57 -AGTGCGCCGAAATTTGACACGCTGCACGACG-3"
3’ -TCACGCGGCTTTAAACTGTGCGACGTGCTGC-5
5" -AGTGCGCCGAAATTTGARAATTTCGCACGACG-3"
3" -TCACGCGGCTTTAAACTTTAAAGCGTGCTGC-5

DNA2(3 57 -GTGCGCCGARATTTGCCAAATTTCGCACGAC-3"
(3) 37 CACGCGGCTTTAAACGGTTTAAAGCGTGCTG-5'
DNA2(6 5’ -GCGCCGAAATTTGGACCCARATTTCGCACGA-3"
) 37 _CGCGGCTTTAAACCTGGGTTTARAGCGTGCT -5
DNA2(9 57 ~CGCCGAAATTTGGCCGACCCAAATTTCGCAC-3"
(9 37 _CCGGCTTTAAACCGGCTGGCTTTARAGCGTG-5"
Figure 2. Sequences of the duplexes used in this study. DNA
contains a single 73 site, and DNA(x) has two AT; sites
separated byx) nonbinding base pairs.

curve that complexation between Bpy-HL( or 55 and
DNA1 took place in a 1:1 ratio withs = 9.8 x 18 M~!
for 5L andKs = 5.2 x 108 M~ for 5S? Unlike complexation
with DNA1, fluorescence intensity of Bpy-H complexed with
DNAZ2 decreased time dependentiTitration experiments
by CD spectroscopy showed that Bpy-55@and5L) bound
to two AsTs sites in DNA2 with a similar affinity regardless
of the distance between these two sieBhese results show
that minor groove bindings of the Hoechst unit of Bpy-H
were not altered by each other when they bound to twi:; A
sites of DNAZ2.

The binding affinity of the Bpy-H ligand5S and5L) to
the metal cation was evaluated by UV titration experiments
(Figure 3). Long Bpy-H %L) has absorption bands at 235
and 270 nm corresponding to the bipyridine unit and also at
370 nm of the Hoechst unit, and its spectrum was changed
by the addition of CuGlwith five isosbestic points at 238,

It is expected that two bipyridine units form a tetracoordi-
nated complex with a divalent cation to effect assembly of
the Bpy-H ligand on the duplex DNA template.

(6) Tanada, M.; Tsujita, S.; Sasaki, &.Org. Chem2006,71, 125—
134.
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(7) Kawano, T.; Kuwana, J.; Ueda, Bull. Chem. Soc. JprR003, 76,
789—797.

(8) Schubert, U. S.; Eschbaumer, C.; Heller,®g. Lett 200Q 2, 3373~
3376.

(9) Figure S1 in the Supporting Information.

(10) Measurement of fluorescence spectroscopy is also hampered by
quenching with CuGlas shown in Figure S2 in the Supporting Information.

(11) CD titration data are shown in Figure S6 in the Supporting
Information.
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Figure 3. UV—titration by the addition of CuGlto long Bpy-H
(5L) in the absence or the presence of DNA. () in the absence

of DNA, (B) 5L in the presence of DNA1, (3L in the presence

of DNA2(6), and (D)5L in the presence of DNA2(9). Cufivas
added into a solution of the ligand (M) and DNA (2.5uM)
buffered with 0.01 M HEPES and 0.01 M NaCl at pH 7.4. Arrows
indicate hyper- or hypochromic effects observed by the addition
of CuCb.

255, 289, 345, and 405 nm (Figure 3A). The hyperchromic ligand—C@+
effect observed at ca. 310 nm indicates complex formation

between the bipyridine units and &u The hypochromism

at 370 nm may reflect aggregation of the Hoechst units
induced by complexation between the bipyridine units with
CW* as schematically shown in Figure 4A.
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Figure 4. Schematic illustration of complexes with €uand long
Bpy-H (5L) or short Bpy-H 6S). (A) Complex in the absence of
DNA, (B) Cu?*-mediated assembly &L on the DNA template,
and (C) 2:155—Cu¢* complex on the DNA template having two
close binding sites.
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The titration curves were obtained by plotting the absor-
bance change at 308 nm with the use of short and long Bpy-H
ligands (5Sand5L) to reveal a complexation property of a
1:2 Ci'—ligand ratio withKs (M~1) = 4.0 x 1(f (5S) and
4.3 x 10° (5L). It was also found that Co formed 1:2
Co*"—ligand complexes wittKs (M™1) = 3.4 x 10* (5S)
and 1.6x 10* (5L). Complexation was not observed with
Mg?*, Ca*, Mn?*, Ni?*, or Zret,

To check the template effect of the DNA substrate on
complexation with C&f, similar titration experiments were
performed in the presence of DNAdnd 2. Figure 3B—D
illustrates the results obtained wifiL.. Addition of CuCh
induced different effects on the hyperchromism at ca. 310
nm (bipyridine region) and on the hypochromism at 370 nm
(Hoechst region) depending on the bound DNA sequence.
The titration curve obtained by plotting the absorbance at
308 nm indicated that complexation betweer?Cand 5L
took place in a 1:2 ratio as shown in the insetted graphs in
Figure 3B-D. In the complex betweeBL and DNA2(6),
the largest hyperchromism at 308 nm and the smallest
hypochromism at 370 nm were observed. The former
suggests that the bipyridine unit 8 forms complexes with
Cuw?* most effectively, which was proven by the highest
affinity of Ks= 1.4 x 10’ (M~%). The latter implies that the
binding of bipyridine units with C&f may not alter the minor
groove binding of the Hoechst unit &L with DNA2(6).
Preorganization o5L in the complex with DNA&(6) may
be beneficial for 1:2 Cti —ligand complexation as schemati-
cally shown in Figure 4B.

On the contrary, although a similar spectral change was
observed with the short Bpy-H ligan&$), complexation
betweerbSand Cd" was found to take place in a 1:1 ratio
in the presence of the DNA template. Exceptionally, a 2:1
ratio was observed in the titration experiment
with DNA2(3).22 These results suggest that the linke5&f
is suitable for 2:1 ligand—Cu complexation in DNA2(3).
Thus, the UV titration experiments in the presence of the
DNA substrate have clearly proven that the template effects
of DNA on Ci*" binding depend on the linker length of the
ligands.

We next attempted to prove the template effects of DNA
on the ligand binding with DNA. CD titration experiments
showed that the binding affinity oL to DNA2(6) was
enhanced in the presence of X4t As changes of CD
spectroscopy reflect the conformational change of DNA, we
next measured the effects of metéigand complexation on
the thermal stability of the duplex. Consequently, effects of
Cw?* on DNA binding of the Bpy-H ligands were investi-
gated by thermal denaturation experiments.

The melting temperature of DNZ6) (T = 59.5°C) was
increased by 6.7C in the presence &L, and importantly,
further stabilization was exhibited by the addition of?Cu
(Figure 5A). Table 1 summarizes effects of"Cand Mg*
on the melting temperaturé\{ ) of DNA2 with 5L. The
fact that the magnesium ion did not show such stabilization
effects has supported that €u-bipyridine complexation

(12) Figure S4 and S5 in the Supporting Information.
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Figure 5. Effects of the ligands on the thermal melting behavior
of DNA2(6): (A) long Bpy-H 6EL) and (B) short Bpy-H §S).
Derivatives of the melting curve were shown.

enhances binding of the Hoechst units with the DNA
substrate. By contrast, the melting curve of DI®) became
so broad in the presence b5 that theT,, value was not
calculated (Figure 5B), suggesting tB&distorted the DNA

Table 1. ATy, Values for the Duplexes Containing Two; Ry
Sites in the Presence of €uor Mg?*2a

AT/°Ce

DNA substrate (T, °C) +Cu2* +Mg2+
DNA2(1) (Tb = 66.9) +2.7 +0.7
DNA2(3) (Tw? = 66.6) +6.3 +1.5
DNA2(6) (Twm? = 66.2) +6.5 +1.1
DNA2(9) (T? = 69.3) +0.5 +0.1

a1 uM of each DNA duplex was used in 10 mM HEPES containing 10
mM NacCl, pH 7.4.P Containing 2uM of long Bpy-H GL). €2 uM each of
CuClk or MgCl, was used, which did not affed, values in the absence
of 5L.

structure. Additional stabilization effects of €uwere not
clearly observed in the other complexesc& with DNA2.
It should be noted that a selective increase of thevalue
by 5L was observed for DNA2(3) (AJ= +6.3 °C) and
DNA2(6) (ATy = +6.5 °C). These results, together with
the UV—titration experiments, show that. exhibits binding
properties similar to those for €uin the complex with
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DNA2(3) and DNA2(6). The flexible nature of the polyether
linker of 5L may be responsible for its broad selectivity.

A plausible structure of the assembly of GuUJ?>"—
DNAZ2(6) was calculated by MD to suggest that the length
of the long linker of5L is suitable to reach each other across
the phosphate backbone and that a complex of Cugbpy)
may fit within the major groove of the DNA duplex (Figure
6). An additional interaction of the Cu(bp¥) complex with

Figure 6. lllustrations of the simulated complex of the Guj,?*
with the duplex DNA(6). MD and MM calculations were
performed with the AMBER 94 force field.

DNA such as an electrostatic interacttérmay become
advantageous for stabilization of the DNA duplex.

In summary, this study has revealed that the new Hoechst
ligand long Bpy-H bL) with 2,2 -bipyridine exhibits Cér-
mediated assembly on the DNA template having twd A
sites in a selective manner depending on the length of the
linker of 5L as well as on the distance between the twdA
sites. The new binding mode established in this study will
be useful for the application of small molecular ligands to
higher-ordered assembly on the long DNA template. Further
study is now ongoing along this line.
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