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G-quadruplexed DNA, composed of stacked tetrads known as 64 oGP GE°
G-tetrads, can adopt several morphologies that include parallel or 4" Gg"
antiparallel configurations through either intramolecular or inter- -2 A

. . . L]
molecular organizatiohParallel G-quadruplex-forming sequences ' H

| | . en Lo g I°
that have a stretch of consecutive guanines at ttheor® -termini a 02

have been shown to form extended quadruplexes by associating o o .
into higher-order structurés® Knowledge of this association is qu 8% a5% 6T ae” G7
valuable for not only understanding the putative role of G- _E__LL}!M_L
quadruplexed DNA in biological proces$dmit also for designing i

the molecular architecture of such a higher-order assembly to create |y

a novel function. a8,

The solution structure of a single repeat sequence of the human . cs» G8} " Ge° GG
telomere, d(TTAGGG), has been shown to form a parallel G- ¢ ad
quadruplexed DNA in the presence of low ikoncentrations ([K]), ! S
which aggregates to form a higher-order structure in the presence ¢ J\ G4" G5 Ge" 67 Ge"
of high [K*].15 On the other hand, a parallel G-quadruplexed DNA ' i

115 110 105 100 15 1.0 105 10.0
formed f_rom the d(TTAGGGT) sequence does not _aggregate to Chemical shift (ppm) Chemical shift (ppm)
form a higher-order structure even if {Kis increased, indicating

. : : Figure 1. (A) Downfield-shifted portions of the 500 MHZH NMR
that the extra 3terminal thymine prevents the aggregation of the spectra of d(TTAGGGT) (& d(TTAGGG) (a), d(TTAGGGGT) (9,

G-quadruplexed DNA? In the present study, we have characterized §(TTAGGGG) (b), d(TTAGGGGGT) (3, and d(TTAGGGGG) (c) in
the structure of an intermolecular assembly of a series of oligo- 90%H0/10%D,0, 50 mM potassium phosphate buffer, pH 7.00, at@5

nucleotide sequences, d(TTAGNd d(TTAGT), wheren = 3—5, The concentrations of the d(TTA®) and d(TTAG) sequences were 2.0

; : o ; _and 0.25 mM, respectively. The assignments of imino proton signals are
in solution by means ofH NMR and a size-exclusion chromatog indicated with the spectra. (B) A portion of the NOESY spectrum of the

raphy/multi-angle laser light-scattering system (SEC/MALLS) to  §(TTAGGGGG) sequence. A mixing time of 150 ms was used to record

gain insight into the molecular mechanism responsible for the the spectrum. The connectivities, highlighted in circles, are due to saturation

assembly. We report herein the formation of a “dinfefrough transfer through the interexchange between monomers and dimers. (C) Plots

end-to-end stacking of the'-Berminal G-tetrads of parallel G- of the_shift differenc_e between the cc_)rresponding signals of the monomers
. and dimers AJ) against the value af in the d(TTAG,) sequences) = 3

quadruplexes formed from d(TTAfEsequences, and the dynamics (®),n =4 (a), andn = 5 (m).

and thermodynamics of the dimerization.

We first examined the formation of G-quadruplexes from the NMR techniqué yielded the value of (6t 2) x 1071 s! for
d(TTAG,) and d(TTAGT) sequences usirigt NMR (Figure 1A)! the rate of conversion of the major form of G-quadruplexed
Three, four, and five signals expected from the numbers of guanine d(TTAGGG) to the minor one (see Supporting Information). On
bases in the d(TTA@ or d(TTAG,T) sequences, where= 3, 4, the other hand, only one set of signals indicative of the formation
and 5, respectively, were observed in the chemical shift region of parallel G-quadruplexes was observed in the spectra of the
characteristic of G-tetrad$,confirming the formation of parallel  d(TTAG,T) sequences, as demonstrated previotfsijhe shift
G-quadruplexes from these sequences. Furthermore, in the spectrpatterns of the minor signals for the d(TTAGsequences were
of the d(TTAG,) sequences, minor signals were observed in addition similar to those of the signals for the corresponding d(TTRG
to major ones, and the number of minor signals was exactly the sequences, indicating that the minor signals in the spectra of the
same as that of major ones, suggesting that the G-tetrads ofd(TTAG,) sequences arise from parallel G-quadruplexed DNA, as
d(TTAG,) sequences exist in two distinctly different chemical in the case of the d(TTAG) sequences. Consequently, the major
environments. signals in the spectra of the d(TTAGsequences are attributed to

Next, we assigned the imino proton signals on the basis of nuclearhigher-order structures.

Overhauser effect (NOE) connectivities (Figure 1B). Two inde-  To characterize the higher-order structure formed from the
pendent sets of NOE connectivities, one connecting all the major d(TTAGGG) sequence, we determined the weight average molec-
signals and the other connecting all the minor ones, were observedular weight M,,) with SEC/MALLS. The value of 15606 900

In addition, connectivities due to saturation transfer were also was obtained for th&,,, which was almost the same as the value
observed between the corresponding major and minor signals(14778) calculated for a dimer of G-quadruplexed d(TTAGGG)
(Figure 1B). This finding indicated that the two different chemical (see Supporting Information). Th#®l,, of the G-quadruplexed
environments of the G-tetrads of G-quadruplexes are in dynamic d(TTAGGGT) was also determined, the obtained value of 8280
equilibrium with each other. Similar exchange behavior was also 260 being similar to the value (8601) calculated for a monomer of
observed for the other d(TTA{Bsequences. The saturation transfer G-quadruplexed d(TTAGGGT). Thus, these SEC/MALLS results
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Table 1. Thermodynamic Parameters for Dimerization of increasing number of consecutive G-tetrads at ther@ninus. AH
ﬂ(ITAG") Sequences (n = 3, 4, or 5) in the Presence of 50 mM and AS. values of —256 !(J mot! and —76_3 J K1 mol?,
respectively, were determined for the formation of the G-quadru-
n 8 4 5 plexes of the d(TTAGGGT) sequence in the presence of similar
Ked? (mol~1) 4.9 3.4 0.9 [K*]%¢ and have been attributed predominantly to the formation of
AH P (kJ mof) —37.2 —33.1 —28.7 core G-tetradd® Assuming that three G-tetrads equally contribute
ASP (J K-Imol™?) —111 -103 -96.8

to the AH value, —85 kJ mot?! was estimated for thAH value
aThe equilibrium constanti(ey at 25°C. The experimental error was  for the formation of a single G-tetrad. TheH value (-37.2 kJ

40.1. The thermodynamic parameters were determined from van't Hoff mol~1) obtained for dimerization of the G-quadruplexes was close

plots. Six data points were collected over the temperature range- @35 g a half of that estimated for the formation of a single G-tetrad,

°C, and the plots yielded a straight line with the correlation coefficient of . A P . _
>0.98 (see Supporting Information). The experimental errors for enthalpy reflecting the significant contribution of the stacking of G-tetrads

(AH) and entropy 45 were +5 kJ mol? and £10 J K1 mol?, to the stability of the G-quadruplexes.

respectively. In the present study, we characterized the dynamics and
thermodynamics of the dimerization of the G-quadruplexes formed
from d(TTAG;,) sequencesn(= 3, 4, or 5), which occurs through
end-to-end stacking of erminal G-tetrads. Determination of the
thermodynamic properties for the self-assembly of G-quadruplexes
is of significance from the viewpoints of understanding both the
diversity in higher-order G-quadruplex structures and the molecular
recognition of G-tetrads.

not only proved that the G-quadruplexed d(TTAGGG) forms a
dimer but also confirmed that the extrat8rminal thymine prevents
the dimerization.

Then we analyzed the shift changes)j between the dimer and
monomer signals for the corresponding imino proton to characterize
the molecular assembly in the dimer. The dimer signals were
upfield-shifted by 0.20.7 ppm relative to the corresponding
monomer ones (Figure 1C). In addition, for a given d(TTAG Acknowledgment. We thank Messrs Tomoyuki Moromachi and
sequence, thé\d value was larger for the imino proton of the  Hiroaki Mihara (Shoko Research Center, Shoko Co., Ltd) for the
G-tetrad closest to the-Berminus and was dependent solely upon SEC/MALLS measurements. This work was partly supported by a
the distance of the G-tetrad from thet8rminus. These results were  Grant-in-Aid (No. 15550143) from MEXT and the University of
consistent with assembly through interaction between 'terghinal Tsukuba, Research Project.

G-tetrads. Furthermore, the equivalence of the corresponding

G-tetrads of the constituent G-quadruplexes within the dimers, as SUPPorting Information Available: Experimental details. This
manifested in the number of dimer signals, supported dimerization material is available free of charge via the Internet at http:/pubs.acs.org.
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