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DNA is a promising building block to organize molecules in a Scheme 17
“bottom-up” approach for construction of functional nanosized
objects!2 For example, organic molecules have been covalently

attached to DNA for a precise nanoscale organization of chro- e—

mophores. Noncovalent approaches such as intercalation and s \

groove binding have also been reportedhile discrete metal arrays / + —_—

in artificial DNA were recently constructed by using metagand , Y 4

interaction®. We have similarly organized chromophores by o \

sandwiching them between two strands of oligoadenitde] via Wa

hydrogen bondin§.We now demonstrate an approach where only

a single strand of DNA templates a supramolecular strand of -} dm o NT it OPVT
chromophores, yielding a new type of DNA hybfith this hybrid oo €, o b = I
construct, an oligothyminel{ n, n = number of thymines) is used O T o LLELs “‘NTN%Q‘;}&&,‘{ -~
as the template to which a supramolecular stack of chromophores s ! ~ LRRR -

is hydrogen-bonded via the complementary diamino triazine unit.  a schematic representation of ssDNA templated self-assembly of chro-
We report that, in case ofT40, 40 naphthalene§{) can be bound mophores (black strand, ssDNA; blue bar, chromophores; red bar, hydrogen-

and show that this approach can be extended to organize aPonding unit) and molecular structuresdfn, NT andOPVT.

z-conjugated oliggt-phenylene)vinylene@PVT) (Scheme 1). g/mol) bound, showing that the supramolecular complex dis-

The two chromophores have been synthesized analogously t055sembles under these mild conditions. The formation of nano-
alkyl equipped derivativdsand have been fully characterizéd. droplets could cause the formation@f10—NT complexes with
OPVT andNT are both molecularly dissolved in chloroform, giving  ore than 1ONT molecules.
absorption maxima at = 403 and 315 nm, respectively. Concen- The formation and the stability of tHeT —dT40 complex was
tration-dependent U¥vis measurements show tHeT is molecu- monitored with temperature-dependent UV and CD spectroscopy
larly dissolved in water up to a concentration of 0.6 mM (Figure measurements by cooling at 6 K/h (Figure 1f). Binding\dF to
2b). OPVT is aggregated at BM, indicated by the blue shiftin 440 is fully reversible, and the shape of the curves indicates a
absorption to 390 nm and a red-shifted, quenched photolumines-nycleation growth mechanist3NT first binds todT40 (absorp-
cence. Remarkably, aggregates of chi@f?VT do not possess  tion at 269 nm) befor&T is organized in a helical fashion (CD
preferred helical order, concluded from the lack of Cotton effect intensity at 269 nm).
in the circular dichroism (CD) spectra. WhendT40 is replaced with the noncomplementary strelidei,

We first studied the complexation and the stoichiometry between no Cotton effect is present above 300 nm, which demonstrates that
NT anddT40. WhenNT is added talT40, the absorption spectra  NT binds specifically tadT40. In an exchange experiment where
of NT revealed a red shift from 311 to 318 nm at 268 K (Figure an equivalent amount afA40 is added to thelT40—NT complex,
1b). In addition, CD spectroscopy (Figure 1a) shows an induced the Cotton effect above 300 nm disappears and the CD spectrum
positive bisignate Cotton effect with a positive maximum at 269 of dT40—dA40 arises, meaning that the stack NT is replaced
nm and a negative maximum at 244 nm with the zero-crossing at by dA40 (Figure 2a). This suggests that binding occurs via hydrogen
Amax = 258 nm. In the region where only the achiNil" absorbs, bonding and that théd T40—NT complex is less stable thaiT40—

a positive Cotton effect is present with the maximum at 327 nm, dA40.

showing thatNT binds todT40 and that the chirality present in Concentration-dependent UV and CD measurements diThe

the template is expressed in the supramolecular organization of thedT40 (40:1) complex show a linear relationship at low concentra-
NTs.10 Titration experiments at 263 K show that the absorption tions (NT] < 0.6 mM) between the IINT] and T2 (temperature
changes before the CD intensity increases, suggesting that the helicaht which the elongation starts), yielding an enthalgyl, = —68

organization ofNT occurs at a later stage than the bindinglTel0 kJ/mol (Figure 2b). A similar linear relation has been found for
(Figure 1c). The Job plot performed at 263 K clearly shows that dsDNA24 At high concentrations JT] > 0.6 mM), theT, deviates
eachNT binds to one thymine (Figure 1é). from the straight line becau®éT itself already aggregates, showing

With electrospray ionization mass spectrometry (ESI-MS), we a linear relationship between the W] and T2, with a AH =
were not able to detect ti¢T —dT40 complexes since the detected —26 kJ/mol (Figure 2b).
signals could not be deconvoluted and therefore could not be In order to create functional materials, we also studied binding
assigned. Complexes dif10 and a number dNT molecules have of OPVT with dTn. Complexes ofOPVT (0.27 mM) withdT40
been detected (Figure 1e). The deconvoluted mass spectrum showshowed a Cotton effect above 300 nm, which is not present in the
dT10 (Mgra0 = 2978.5 g/mol) with 211 NT molecules (443.2 absence ofiT40 (Figure 3a). The positive Cotton effect at high
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Figure 1. (a) CD and (b) absorption spectra and (f) the normalized UV

(O) and CD Q) intensities at 269 nm as a function of temperature of a
NT—dT40 mixture (NT] = 0.5 mM, [dT40] = 8.5uM). (c) Titration of

NT to dT40, with [dT40] = 8.5uM and [NT] increasing from 0 to 0.5
mM, monitored at 269 nm (absorptiol), CD intensity ©)). (d) A Job
plot of NT to dT40 ([NT] + 40[dT40] = 1.66 mM withf = [NT]/1.66
mM). (e) Deconvoluted ESI-MS spectrum af10] = 0.2 mM and NT]

=2 mM.
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Figure 2. (a) CD spectra at 263 K of a mixture dff40 (12.5uM) and
NT (0.5 mM) (©) and of the same mixture after adding 1 equivdéf40
(). (b) Plot of Te~! against INNT] of NT—dT40 (absorption &, solid
line), CD (©)) mixtures (40:1) and oNT alone (absorptionl, dashed
line)).
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Figure 3. (a) CD spectra of al®PVT—dT40 mixture ([OPVT] = 0.27
mM, [dT40] = 6.75uM). (b) Deconvoluted ESI-MS spectrum adT10-
OPVT] = 1 mM at 293 K.
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wavelengths suggests a right-handed helical arrangem@RrRd
molecules upon binding tdT40. Compared to a similar concentra-
tion of NT—dT40 the T, of the OPVT—dT40 is higher, probably
due to extendedr—s interactions in the supramolecular strand.

With ESI-MS, up to fiveOPVT molecules bound tdT10 were
detected (Figure 3b).

In conclusion, new DNA hybrids have been constructed in which
the number of chromophores is controlled by the template. Binding
of chromophores to ssDNA occurs via hydrogen bonding and is
stabilized byzr—u interactions. This approach can, in principle, be
applied to any functional molecule equipped with an appropriate
hydrogen-bonding moiety to create uniform well-organized nanos-
cale objects that are potentially useful in the emerging field of
supramolecular electroniés.

Acknowledgment. The authors wish to acknowledge X. Lou
for the MALDI-TOF spectra, and EURYI scheme for financial
support.

Supporting Information Available: Experimental methods, syn-
thetic details, and characterization NT and OPVT (PDF). This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) For recent examples and reviews, see: (a) Seeman, Methods Mol.

Biol. 2005 303 143-166. (b) Rothemund, P. W. KNature 2006 440,

297-302. (c) Ding, B.; Seeman, N. Gcience2006 314, 1583-1585.

(d) Gothelf, K. V.; LaBean, T. HOrg. Biomol. Chem2005 3, 4023~

4037. (e) Brucale, M.; Zuccheri, G.; SamdB. Trends BiotechnoR006§

24, 235-243. (f) Lund, K.; Williams, B.; Ke, Y.; Liu, Y.; Yan, HCurr.

Nanosci.2006 2, 113-122.

Examples of other templates: (a) Sugimoto, T.; Suzuki, T.; Shinkai, S.;

Sada, KJ. Am. Chem. So@007, 129, 270-271. (b) Lee, S. K.; Yun, D.

S.; Belcher, A. M.Biomacromolecule200§ 7, 14—17. (c) Kato, T.;

Frechet, J.-M. JLiq. Cryst. 2006 33, 1429-1433. (d) Ikkala, O.; ten

Brinke, G.Chem. Commur2004 19, 2131-2137.

For recent examples and reviews, see: (a) Lewis, F. D.; Zhang, L.; Zuo,

X. J. Am. Chem. So€005 127, 10002-10003. (b) Cuppoletti, A.; Cho,

Y.; Park, J.-S.; Stissler, C.; Kool, E. TBioconjugate Chen005 16,

528-534. (c) Balaz, M.; Holmes, A. E.; Benedetti, M.; Rodriquez, P. C.;

Berova, N.; Naknishi, K.; Proni, Gl. Am. Chem. So@005 127, 4172—

4173. (d) Kashida, H.; Asanuma, H.; Komiyama, Ahgew. Chem., Int.

Ed. 2004 43, 6522-6525.

For recent examples and reviews, see: (a) lhmels, H.; Ottépp. Curr.

Chem 2005 258 161-204. (b) Pindur, U.; Jansen, M.; Lemster,Qurr.

Med. Chem2005 12, 2805-2847. (c) Armitage, B. AMol. Supramol.

Photochem2006 14, 255-287. (d) Fechter, E. J.; Olenyuk, B.; Dervan,

P. B.J. Am. Chem. So@005 127, 16685-16691.

For example: (a) Tanaka, K.; Tengeiji, A.; Kato, T. N.; Shonoya, M.

Science2003 299 1212-1213. (b) Tanaka, K.; Clever, G. H.; Takezawa,

Y.; Yamada, Y.; Kaul, C.; Shionoya, M.; Carell, Nat. Nanotechnol.

2006 1, 190-194.

(6) (a) lwaura, R.; Hoeben, F. J. M.; Masuda, M.; Schenning, A. P. H. J.;

Meijer, E. W.; Shimizu, TJ. Am. Chem. So@006 128 13298-13304.
(b) Ilwaura, R.; Yoshida, K.; Masuda, M.; Ohnishi-Kameyama, M.;
Yoshida, M.; Shimizu, TAngew. Chem., Int. E@003 42, 1009-1012.

(7) (a) Nielsen, P. E.; Egholm, M.; Berg, R. H.; Buchardt,S2iencel991,

245 1497-1500. (b) Nielsen, P. E.; Haaima, Ghem. Soc. Re 1997,

73-78. (c) de Koning, M. C.; van der Marel, G. A.; Overhand, ®urr.

Opin. Chem. Biol.2003 7, 734-740. (d) Eckstein, FNucleosides

Nucleotides1985 4, 165-167. (d) Kool, E. T.Acc. Chem. Re2002

35, 936-943. (e) Kool, E. T.Chem. Re. 1997 97, 1473-1487. (f)

Krueger, A. T.; Lu, H.; Lee, A. H. F.; Kool, E. TAcc. Chem. Re2007,

40, 141-150.

Jonkheijm, P.; Hoeben, F. J. M.; Kleppinger, R.; van Herrikhuyzen, J.;

Schenning, A. P. H. J.; Meijer, E. WI. Am. Chem. So2003 125,

15941-15949.

(9) See Supporting Information.

(10) It should be noted thafT40 shows a small Cotton effect below 300 nm.

(11) Dynamic light scattering (DLS) experiments hardly showed scattering
indicating relatively small aggregates, while the contrast in the cryo-TEM
images was too low to judge the size and shape of the aggregates.

(12) (a) Jonkheijm, P.; van der Schoot, P.; Schenning, A. P. H. J.; Meijer, E.
W. Science2006 313 80—83. (b) Ciferri, A. Supramolecular Polymers
2nd ed.; CRC Press LLC: Boca Raton, FL, 2005; pp-7@6.

(13) We did not analyze the cooling curves in detail because our recently
developed nucleation growth model is not valid for discrete assembly;
see ref 12a.

(14) Breslauer, K. J.; Frank, R.; Blocker, H.; Marky, L. Rroc. Natl. Acad.
Sci. U.S.A1986 83, 9373-9377.

(15) For example: (a) Grimsdale, A. C.;Men, K. Angew. Chem., Int. Ed.
2005 44, 5592-5629. (b) Schenning, A. P. H. J.; Meijer, E. \@hem.
Commun.2005 3245-3258. (c) Yamamoto, Y.; Fukushima, T.; Suna,
Y.; Ishii, N.; Saeki, A.; Seki, S.; Tagawa, S.; Taniguchi, M.; Kawai, T.;
Aida, T. Science2006 314, 1761-1764.

JA0711967

2

~

3

~

(4

=

G

~

(8

~

J. AM. CHEM. SOC. = VOL. 129, NO. 19, 2007 6079





