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Abstract: We present the intramolecular G-quadruplex structure of human telomeric DNA in physiologically
relevant K* solution. This G-quadruplex, whose (3 + 1) topology differs from folds reported previously in
Na' solution and in a K*-containing crystal, involves the following: one anti-syn-syn-syn and two syn-
anti-anti-anti G-tetrads; one double-chain reversal and two edgewise loops; three G-tracts oriented in one
direction and the fourth in the opposite direction. The topological characteristics of this (3 + 1) G-quadruplex
scaffold should provide a unique platform for structure-based anticancer drug design targeted to human

telomeric DNA.

Introduction

The ends of eukaryotic chromosomes called telomeres are
essential for genome integrity and play an important role

in cellular aging and cancérTelomeric DNA consists of
tandem repeats of G-rich sequences, such as (GGGINA)
humang. In the presence of Naor K*, G-rich sequences

can form G-quadruplex structures in vitro, built from

stacking of multiple planar &-G-G tetrad3. The in vivo

erase is activated in 885% cancer cells and helps to main-
tain the length of telomeres in these céll$t has been
shown previously that formation of intramolecular G-quad-
ruplexes by the telomeric G-rich strand inhibits the activity
of telomerasé& 10 Therefore, ligand-induced stabilization
of intramolecular telomeric G-quadruplexes has become
an attractive strategy for the development of anticancer
drugs?

observation of G-quadruplex formation in telomeres, a pro- The structural elucidation of folding topologies adopted by

cess regulated by telomere end-binding protéihgghlights

the biological importance of this DNA scaffold. Telomeres

contain G-rich strand overhangs at thefireBids, about 200-nt

long in humans, which can be elongated by the enzyme
telomerasé. Telomerase activity is not detected in normal
human somatic cells, and telomeres progressively decrease

oligonucleotides containing four human telomeric GGGTTA-
tracts, the minimal length required for an intramolecular
G-quadruplex formation, has posed a significant challenge in
the field and has been intensively investigated using a range of
physical and chemical techniqués?! Our laboratory previously
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Figure 1. Structure of intramolecular G-quadruplexes formed by the human telomeric sequence: (a, byoiutiani! (c, d) in a K"-containing crystal?
Loops are colored redinti and synguanines are colored cyan and magenta, respectivelyators are colored yellow.

showed that the four-repeat human telomeric d[AGGG(T- 910 4 411

TAGGG)] sequence forms an intramolecular G-quadruplex in

Na' solution}! where guanines around each tetradsgmesyn

anti-anti, loops are successively edgewistagonat-edgewise,

and each G-tract has both parallel and antiparallel adjacent
strands (Figure 1a, b). By contrast, the crystal structure of the (a)
same sequence in the presence of i€vealed a completely
different intramolecular G-quadrupléXwhere all strands are 174 0 o1 151 16 5
parallel, guanines arenti and loops are double-chain reversal 10 3 9

(Figure 1c, d). Our subsequent NMR studies have indicated

that this sequence forms multiple G-quadruplexes ih K

solution?® Studies from a number of laboratoriés?! suggest

that the intramolecular G-quadruplex structure observed in the (b)

K*-containing crystaf appears unlikely to be the major form

in K*-containing solution. Because'ds much more abundant 12.2 12f0 118 116 114 112 110 10?8
than N& in cellular environments, knowledge of the structure

17

23

ppm
fh | ic G drul i Ksoluti . Figure 2. Imino proton spectra of (a) the natural 23-nt human telomeric
of human telomeric G-quadruplexes In"Ksolution Is Most 4 TAGGG(TTAGGG)] sequence and (b) the modified 24-nt ABGG-

important. (TTAGGG)A] sequence, both in Ksolution. In each case, peaks for the

. major form are labeled with residue numbers obtained from unambiguous
Here we report on the intramolecular G-quadruplex structure gssignments.

formed by a four-repeat human telomeric sequence in K

solution, which is distinctly different from previously reported  rasuits and Discussion

structures in Na solution! (Figure 1a, b) and in a &k _ _ _

containing crystaP (Figure 1c, d). This structure of the human Favoring a Major G-Quadruplex Conformatlon_for Struc-
telomere under physiological conditions should turn out to be tural Study. To determine the structure(s) of an intramolecular

important for understanding telomere biology and for structure- uman telomeric G-quadruplex in"Ksolution, we attempted
based anticancer drug design. to overcome the conformational heterogeneity associated with

the presence of multiple conformations. We successfully
(20) Li, J.; Correia, J. J.; Wang, L.; Trent, J. O.; Chaires, JNBcleic Acids achieved this goal through a strategy involving nucleotide

Res.2005 33, 4649-4659. ituti i i i :
(21) Lee, J. Y.; Okumus, B.; Kim, D. S.; Ha, Proc. Natl. Acad. Sci. U.S.A. substitution of residues ﬂankmg the four gL_janlne tracts. the
2005 102, 18938-18943. 24-nt d[TTGGG(TTAGGG3}A] sequence, which was derived
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Figure 3. Imino proton spectra and assignments of (a, b) the modified 24-nt and (c, d) natural 23-nt human telomeric sequensedutioi (a, c)

Guanine imino proton spectra with assignments over the reference spectrum (ref). Imino protons were as3fjhéiieied spectra of samples, 2%
15N-labeled at the indicated positions. (b, d) Imino proton spectra after (b) 1 day pd(éh DO at 25°C.

from the natural 23-nt human telomeric d[TAGGG(TTAGG[G)  lished the fold of this G-quadruplex, involving three G-tetrads:
sequence by two modifications at terminal residues, favors a G9-G3-G21:G17, G10G16G22G4, and G1iG15G23G5.
major G-quadruplex structure (about 95%) ifi Kolution, and The glycosidic conformations of the first G-tetrad argi-syn
gives excellent NMR spectra suitable for structure determination synsyn those of the two other G-tetrads aranti-anti-anti,
(Figure 2b). The same major fold is observed for the natural as reflected by H+H8 NOE intensities observed for these
23-nt human telomeric sequence (see below), but only at 60 residues (Figure 6a). These glycosidic conformations are

70% (Figure 2a). consistent with the so-called (8 1) G-tetrad cor& contain-
Determination of G-Quadruplex Folding Topology. The ing three G-tracts (G9G11, G3-G5, and G2+ G23) oriented
spectral line widths of the modified 24-nt sequence 43Hz in one direction and the fourth (G15%517) tract in the opposite

for the sharpest peaks at 26) are indicative of a monomeric  direction (Figure 7c). The first linker (T6-T7-A8) forms
intramolecular structure, and this was supported by the con-a double-chain-reversal loop, while the two other linkers
centration-independence of the equilibrium between the struc- (T12-T13-A14 and T18-T19-A20) form edgewise loops. In
tured and unfolded forms. We unambiguously assigned imino this G-quadruplex fold G4, G10, G16 and G22 are in the cen-
(Figure 3a) and H8 (Figure 4a) protons using the site-specific tral G-tetrad, consistent with imino protons of these resi-
low-enrichment labelingf and natural-abundance through-bond dues being the most protected from exchange with water (Figure
correlatior®® strategies developed in our laboratory. Character- 3b).

istic NOEs between imino and H8 protons (Figure 5a) estab-  Similarly, data for the natural 23-nt human telomeric se-
guence, including unambiguous spectral assignments for imino

(22) Phan, A. T.; Patel, D. JJ. Am. Chem. Soc2002 124, 1160-
1161

(23) Phaﬁ, A. T.; Gu®n, M.; Leroy, J. L Methods EnzymoR001, 338 341— (24) Zhang, N.; Phan, A. T.; Patel, D.J.Am. Chem. So@005 127, 17277
371. 17285.
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Figure 4. H8 proton assignments of (a) the modified 24-nt and (b) natural 23-nt human telomeric sequences by through-bond correlations between imino
and H8 protons vid3C5 at natural abundance, using long-radgmuplings shown in the inset. Peaks from A(H8) are labeled with stars.

(Figure 3c) and H8 protons (Figure 4b), NOE connectivities respectively. In the ensemble of refined structures, we have
(Figure 5b) and intensities (Figure 6b), and hydrogen exchangeobserved WatsonCrick T1:A20 (Figure 8e) and reversed
(Figure 3d), independently established the same G-quadruplexWatson-Crick T13A24 (Figure 8d) pairs, stacked on either
fold for its major form. side of the G-tetrad core. These findings are supported by
Structure of Human Telomere G-Quadruplex in K the detection of two thymine imino protons in the-123 ppm
Solution. The G-quadruplex structure of the modified 24-nt range at low temperatures (data not shown), thereby partly
sequence with a core of three G-tetrad layers (Figure 7) explaining the role of A24 in helping to favor this G-quadruplex
was calculated on the basis of NMR restraints (Table 1). fold. The double-chain-reversal T6-T7-A8 loop is less well
The edgewise T18-T19-A20 and T12-T13-A24 loops (Figure defined (Figure 7a). This might reflect the existence of multiple
8a, b) are on the top and bottom of the G-tetrad core, conformations for this loop. Comparison between the structures

9966 J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006
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(Gu—=> Gp = G, —=>Gy)

Figure 5. Determination of G-quadruplex folding topology for the human telomeric sequence golkition. (a, b) NOESY spectra (mixing time, 200 ms)

of (a) the modified 24-nt and (b) natural 23-nt human telomeric sequences. Imino-H8 cross-peaks that identify three G-tetrads (colored cgamanchagent
blue) are framed and labeled with the number of imino protons in the first position and that of H8 in the second position. (c) Characteristic guahiBe imi
NOE connectivity patterns around a,&3G,+G; tetrad as indicated with arrows (connectivity betweena@d G, implied). (d) Characteristic guanine
imino-H8 NOE connectivities observed for &23-G21:G17 (cyan), G10516G22-G4 (magenta), and G1G15G23G5 (blue) tetrads.

Table 1. Statistics of the Computed Structures of the
d[TTGGG(TTAGGG)3A] Quadruplex in K™ Solution

A. NMR restraints

distance restraints nonexchangeable

exchangeable

intraresidue distance restraints 164 0
sequentiali( i + 1) distance restraints 92 17
long-rangei( = i + 2) distance restraints 29 63
other restraints
hydrogen bonding restraints 48
torsion angle restraints 55
intensity restraints
nonexchangeable protons 255
B. Statistics for 12 structures following intensity refinement
NOE violations
number ¢0.2 A) 0.300+ 0.060
maximum violation (A) 0.218 0.018
rmsd of violations (A) 0.022: 0.002
deviations from the ideal covalent geometry
bond lengths (A) 0.004 0.000
bond angles (deg) 0.9560.012
impropers (deg) 0.302 0.015
NMR R-factor Rye) 0.021+ 0.006
Pairwise all heavy atom rmsd values (A)
all heavy atoms except T6, T7, A8, T12 0.83.12
all heavy atoms 1.34 0.32
of this TTA loop and the double-chain-reversal TTA loop

observed in the crystal structdfeshows similar positions of
the first T and third A but different positions of the middle T

(Figure 9).

Comparison with Earlier Structures of Human Telomere
G-Quadruplex. The intramolecular (31) G-quadruplex fold

118 114  11.0 ppm
(9=>3->21—>17)

(d) @0—=>16—>22—>4)
(11—>15—>23->5)

of human telomeric DNA observed infKsolution here (Figure

7hb, c) is very different from the structures observed in"Na
solution (Figure 1a, b) or in a &containing crystal (Figure

1c, d), in terms of strand orientations, loop topologies, and
glycosidic conformations of guanines. In the present fold, 5
and 3- ends of the sequence are located at opposite ends of the
G-tetrad core (similar to the Kcrystal structur® and different
from the Na solution structurd), thereby potentially allowing
continuous stacking of successive blocks within a longer
sequence conteXt.

(3+1) Core Architecture Represents a Robust Scaffold.
This G-quadruplex topology can also be compared with the
intramolecular G-quadruplex formed by the four-rep&at-
rahymenal TGGGG telomeric sequern@dFigure 10a) and with
the dimeric G-quadruplex formed by the three-repeat human
telomeric sequenéé(Figure 10b). All these structures contain
the (3+ 1) core G-quadruplex topology, in which three strands
are oriented in one direction and the fourth is in the opposite
direction and G-tetrads ar@nti-synsynsyn or synanti-anti
anti. However, there are differences in the order of G-tracts in
these three structures: when their G-tetrad cores are aligned,
the B-end in each structure starts from a distinct corner of the
core (Figure 10). In intramolecular (3 1) G-quadruplexes

(25) Wang, Y.; Patel, D. JStructure1994 2, 1141-1156.
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b
(a) T18 (b)

A20

© A8 (d) ET13 9 !
T6 (e) ?H mﬂ
A20

85 8.0 75 H{ppm) Figure 8. Loop connectivities and base pairing in the BFGG-
(TTAGGG)A] quadruplex in K solution. (a) Edgewise T18-T19-A20
16 loop. (b) Edgewise T12-T13-A14 loop. (¢) Double-chain-reversal T6-T7-
A8 loop. (d) Reversed WatserCrick T13A24 pair. (e) WatsorCrick
T1-A20 pair.

a variant sequence of the four G-tract humbel-2 pro-

moter® was shown to adopt the G-quadruplex fold with the

same (3+ 1) core topology as the G-quadruplex fold formed

by the four-repeaTetranymenaelomeric sequenc®.Thus, the

(3 + 1) core topology of the G-quadruplex, initially identified

in 1994 (ref 25) and thought to be an anomaly at that time,

e, now appears to be a robust G-quadruplex scaffold, adopted by

8.0 75  H(ppm) both telomeric and oncogenic promoter sequences.

Figure 6. Stacked plot of NOESY spectra of (a) the modified 24-nt (mixing Ligand Recognition of the (3t+1) Core G-Quad-

time, 75 ms) and (b) natural 23-nt (mixing time, 100 ms) human telomeric ryplex Scaffold. The present (3+ 1) G-tetrad core is iden-

sequences that distinguish five strong intraresidue H8 cross-peakssfyn tified b id d tw di Fi

glycosidic bonds) from weak cross-peaksi glycosidic bonds). Iied by one narrow, one wide, an 0 medium grooves (Figure
11a), thereby providing a unique target for small-molecule

(Figure 10a, c), either the first loop (Figure 10c) or the third ligands. One of the grooves is occupied by the double-chain-

loop (Figure 10a) can be double-chain-reversal. Recently, reversal loop, but the other three grooves are accessible for

Figure 7. Solution structure of the d[TGGG(TTAGGG}A] quadruplex in K solution. (a) Stereoview of 12 superpositioned refined structures. Color code

is as follows: G9G3-G21-G17 tetrad, cyan; GtG16G22-G4 tetrad, magenta; GiG15G23 G5 tetrad, blue; terminal bases, green; loop bases, orange;
backbone, gray; phosphorus atoms, yellow. (b) Ribbon and (c) schematic views of a representative refined structure. Color code is the samgwethat in F
1.
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Figure 9. Comparison between TTA double-chain-reversal loops bridging three G-tetrads: Stereoview of the T6-T7-A8 loop iINEG@G(TTAGGG}A]
quadruplex in K solution (this work) and the T17-T18-A19 loop in the d[AGGG(TTAGG[Guadruplex in a K-containing crystal structuré.Notice that
the first T and last A are better superpositioned than the central T; &@isvhile G20 isanti.

()

Figure 10. Schematic structures of the (B 1) core-containing G-quadruplexes formed by (a) the four-refpeatahymenaelomeric d[(TTGGGG)]
sequence in Nasolution2® (b) the three-repeat human telomeric d{GGG(TTAG&EGequence in Nasolution2* and (c) the four-repeat human telomeric
d[TAGGG(TTAGGG}] sequence in K solution (this work). Color code is the same as that in Figure 1.

Figure 11. Surface view of four grooves in intramolecular G-quadruplexes formed by the human telomeric sequence:*(adlutign (this work); (b)
in Na* solution! (c) in a K*-containing crystal? Phosphorus atoms and backbone oxygens are colored yellow.

recognition. It should be noted that while planar ligands ological K* solution conditions. Our study revealed an intramo-
have the potential to stack over the ends of the quad- lecular G-quadruplex with a (3 1) core topology (Figure 7b,
ruplex2’=2° either planai® or nonplanar ligands can be posi- c¢), which is distinctly different from previously reported
tioned in the grooves of the quadruplex. The groove dimensionsstructures in Na solutiort! (Figure 1a, b) and in a &
of the (3+ 1) core topology (Figure 11a) are quite different containing crystaf (Figure 1c, d). The robustness of the+3
from those reported previously for the human telomeric G- 1) core G-quadruplex topology, as demonstrated here for the
guadruplex structures in Naolutiont! (Figure 11b) and inthe  four-repeat human telomere sequence ifn Kolution and
K*-containing crystalline stat&(Figure 11c). observed elsewhere within other sequence corfteXfFigure
10), makes this scaffold a unique platform for structure-based
anticancer drug designOur future efforts will be directed
We have achieved the long-time goal of solving the structure toward deciphering the folding topologies of other G-quadruplex
of an intramolecular human telomeric G-quadruplex in physi- conformations that are formed by human telomere sequences
in K* solution?3

Conclusion

(26) Dai, J.; Dexheimer, T. S.; Chen, D.; Carver, M.; Ambrus, A.; Jones, R.
A.; Yang, D.J. Am. Chem. So@006 128 1096-1098. hod
(27) Han, H.; Langley, D. R.; Rangan, A.; Hurley, L. Bl. Am. Chem. Soc Methods
2001, 123 8902-8913.

(28) Haider, S. M.; Parkinson, G. N.; Neidle, .Mol. Biol. 2003 326, 117~ Sample Preparation. The unlabeled and the site-specific low-
125. _ o _ ) enrichment (2%'°N-labeled) oligonucleotides were synthesized and
(29) fhlagifl'%' Kuryavyi, V.; Gaw, H. Y.; Patel, D.Nat. Chem. Biol2005 purified as described previousi22Unless otherwise stated, the strand
(30) Kettani, A.; Gorin, A.; Majumdar, A.; Hermann, T.; Skripkin, E.;
Zhao, H.; Jones, R.; Patel, D. J. Mol. Biol. 200Q 297, 627— (31) Phan, A. T.; Kuryavyi, V.; Ma, J. B.; Faure, A.; Aridie, M. L.; Patel, D.
644. J. Proc. Natl. Acad. Sci. U.S.£R005 102, 634-639.
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concentration of the NMR samples was typically €% mM; the restrained molecular dynamics (torsion dynaf#i¢sand relaxation-
solutions contained 70 mM KCl and 20 mM potassium phosphate (pH matrix refinement) computations were performed as described previ-
7). ouslyst

NMR Spectroscopy. Experiments were performed on 600 MHz Data Deposition.The coordinates for the dTIGGG(TTAGGG)A]
Varian and 800 MHz Bruker spectrometers at’5 unless otherwise quadruplex have been deposited in the Protein Data Bank (accession
specified. Resonances were assigned unambiguously by using sitecode 2GKU).
specific low-enrichment labelidg and through-bond correlations at
natural abundanc®. The resonances for T residues were assigned Acknowledgment. This research was supported by National
following systematic T-to-U replacements. Spectral assignments were Institutes of Health Grant GM34504. D.J.P. is a member of the
also assisted and supported by NOESY spectra. Interproton distancedNew York Structural Biology Center supported by National
were measured by using NOESY experiments at different mixing times. |nstitutes of Health Grant GM66354.

Structure Calculation. The structures of the dIIGGG(TTAGGG)A] o
quadruplex were calculated using the X-PLOR progfariMR- Note Added after ASAP Publication. There was a typo-
graphical error in the sequence notation in the caption for

(32) Bringer, A. T.X-PLOR: A system for X-ray crystallography and NMR  Figure 10a when this paper was published ASAP on July 7,
Yale University Press: New Haven, CT, 1992.

(33) Rice, L. M.; Bringer, A. T.Proteins1994 19, 277-290. 2006, that was corrected on the same day.
(34) Stein, E. G.; Rice, L. M.; Bmger, A. T.J. Magn. Resorll997, 124, 154~
164 JA062791W
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