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Abstract: In the current study, we used a combination of gel electrophoresis, circular dichroism, and UV
melting analysis to investigate the structure and stability of G-quadruplexes formed by long telomeric DNAs
from Oxytricha and human, where the length of the repeat (n) = 4 to 12. We found that the Oxytricha
telomeric DNAs, which have the sequence (TTTTGGGG),, folded into intramolecular and intermolecular
G-quadruplexes depending on the ionic conditions, whereas human telomeric DNAs, which have the
sequence (TTAGGG),, formed only intramolecular G-quadruplexes in all the tested conditions. We further
estimated the thermodynamic parameters of the intramolecular G-quadruplex. We found that thermodynamic
stabilities of G-quadruplex structures of long telomeric DNAs (n = 5 to 12) are mostly independent of
sequence length, although telomeric DNAs are more stable when n = 4 than when n = 5. Most importantly,
when n is a multiple of four, the change in enthalpy and entropy for G-quadruplex formation increased
gradually, demonstrating that the individual G-quadruplex units are composed of four repeats and that the
individual units do not interact. Therefore, we propose that the G-quadruplexes formed by long telomeric
DNAs (n = 8) are bead-on-a-string structures in which the G-quadruplex units are connected by one TTTT
(Oxytricha) or TTA (human) linker. These results should be useful for understanding the structure and
function of telomeres and for developing improved therapeutic agents targeting telomeric DNAs.

Introduction physiological role$:11 The structures and stabilities of G-
guadruplexes are known to be dependent on the presence and
concentrations of monovalent catid#s’ because the cations
can coordinate the carbonyl oxygen of the guanine and promote

4 . . stacking interactions of the G-quartéfsFor example, the
composed of tandem repeats of guanine-rich (G-rich) s ~ sequence (GGGGTTTTGGGEIIds into a single G-quadru-
guencesd. Since the discovery of a strong association between plex structure in the presence of Navhereas it folds into at
telomere length "?‘”d cellular agifgtelomere reseerch has .bee.n least two structures in the presence of R Another good

the focus of studies on cellular senescence and |mmortal|zat|on.example for demonstrating the importance of cations is the

Idn m|OSt (f);?]arzlslms, thet Gf'”Ch stra n(Ij eﬁtenzxgohnd thiDNA sequence AGGG(TTAGGG)which folds into an intramolecu-
uplex ot the telomere to form a single-stran rhang! lar antiparallel G-quadruplex structure with two lateral loops

In human somatic cells, the telomere is typically&kb in and one diagonal loop in the presence of Mat into a distinct

length W'tr_' a smgle-strand’-@\{erhang of 200= 75 baee%. ~intramolecular parallel propeller G-quadruplex with three extra
The G-rich strand can fold into a G-quadruplex with cyclic 55ps in the presence of 420

Hoogsteen base pairs of four guanine bases (G-quartets; Figure

1A).8 These DNA G-quadruplexes are of interest because they (9) Sun D.; Thompson, B.; Cathers, B. E.; Salazar, M.; Kerwin, S. M.; Trent,
J. O, Jenklns T.C,; Neldle S, Hurley L. 8. Med. Chem1997 40

are possible targets for telomerase inhibition and may have other 2113 2116.

(10) Kerwin, S. M.Curr. Pharm. Des200Q 6, 441—-471.

(11) Baker, E. S.; Lee, J. T.; Sessler, J. L.; Bowers, MJ.TAm. Chem. Soc.

Telomeres, which are present on the ends of eukaryotic
chromosomes in many species including vertebredascha-
romyces cerdsiae, Tetrahymenaand Oxytricha naa, are
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Figure 1. (A) Chemical structure of a G-quartet.™Ms a metal ion. (B) Schematic illustration of the intramolecular bead-on-a-string structure of long
telomeric DNAs. In this structure, two G-quadruplex units are connected by one linker (red lines) without a stacking interaction between the units. T
structure in the dashed circle indicates the G-quadruplex unit. (C) Schematic illustrations of the intramolecular stacking structures ofid¢oicgxslas.

Left, two G-quadruplex units are connected by four linkers (red lines), and every G-quadruplex unit stacks on the other one (the stacking igteraction
shown with red arrows). Right, two G-quadruplex units are connected by one linker (red lines), and every G-quadruplex unit stacks on the other one (the
stacking interaction is shown with red arrows). The structures in the dashed circles indicate the G-quadruplex units.

There are also numerous studies on the thermodynamic or(n = 4) are more stable than longer onesx 5). Also, the
kinetic properties of G-quadruplex formatiéh2® but most of G-quadruplex structure was affected by the flanking sequences
these studies have been carried out on short telomeric DNAson the ends of the main G-quadruplex structure in all tested
whose number of repeats is not more than four. Also, there is conditions. Most importantly, the enthalpy and entropy changes
little direct evidence for the properties of long telomeric DNAs; for the formation of intramolecular G-quadruplexes by telomeric
these have instead been estimated on the basis of numerou®NAs, wheren was a multiple of 4, suggested that the
studies of short telomeric DNAs. Therefore, structural and G-quadruplex unit (dashed circles in Figure 1) of long telomeric
thermodynamic investigations are needed to reveal the actualDNAs was a bead-on-a-string (Figure 1B) rather than a stacked
structure of long telomeric DNAs. Such studies will establish structure (Figure 1C). These results should help advance
whether the numerous previous studies of short telomeric DNAs telomere science and aid in the development of new G-
are useful for predicting the structures of long telomeric DNAs. quadruplex-based therapeutic agents.

The properties of long telomeric DNAs should also be useful ] )
for the effective design of drugs and ligands targeting the EXPerimental Section
telomere. Materials. Oligodeoxynucleotides used in this study were purchased

In the current study, we investigated the structural and from Hokkaido System Science Co., Ltd. (Hokkaido, Japan) after
thermodynamic properties of G-quadruplexes of long telomeric purification by HPLC. Single-strand concentrations of the DNA
DNAs derived fromOxytrichaand humans in the presence of oligodeoxynucleotides were determined by measuring the absorbance
K+ or Nat. TheOxytrichaand human telomeric DNAs used in ~ at 260 nm and high temperature using a UV-1700 spectrometer
this study were (TTTTGGGG)nd (TTAGGG), respectively, (Shimadzu Co., Ltd., quto, Japan) _connected toa Shimadzu TM_SPC-S
wheren, the number of repeats, was-42. We studied the thermoprogrammer (Shimadzu). S_lngle-stra_nd extln_ctlon coefﬁ_cnents
G-quadruplex structures formed by the long telomeric DNAs were calcu_lated from m(_)non_ucleotlde a_md dinucleotide data using the

. . . . nearest-neighbor approximati&fAll chemical reagents were of reagent
and their thermodynamic parameters using nondenaturing poly-

B ) ] ) - grade from Wako Pure Chemical Co., Ltd. (Osaka, Japan) and used
acrylamide gel electrophoresis (PAGE), circular dichroism (CD) yjithout further purification.

spectroscopy, and thermal melting analysis as followed by UV Nondenaturing PAGE. Samples (IuL of 10 «M) were separated
spectroscopy. The results of nondenaturing PAGE and CD py nondenaturing PAGE on 20% acrylamide (19:1 acrylamide/
showed that structural polymorphism of the long telomeric bisacrylamide) gelsta5 V cmt and 4°C. Gels were stained with
DNAs depends on their sequence and length as well as the ionicGelStar nucleic acid gel stain (Cambrex, Baltimore, MD) and imaged
conditions. For exampléxytrichatelomeric DNAs were able under UV illumination using FLS-5100 film (Fuji Photo Film Co., Ltd.,
to fold into intramolecular and intermolecular G-quadruplexes Tokyo, Japan). All measurements were carried out in 50 mM Tris-
depending on the ionic conditions, although we confirmed that HCI buf_fer (pH 7.0). Before measurements, the samples were annealed
the intramolecular G-quadruplex is more stable under near- PY heating to 90°C for 10 min, cooled to 0C at 0.2°C min™, and
physiological ionic conditions. In contrast, the human telomeric incubated at #C overnight. ) ) .
DNAs formed only an intramolecular G-quadruplex in all the CD Spectroscopy.CD spectroscopy is a highly sensitive methOd

o . . for determining the conformation of G-quadruplex structures. Antipar-
_condltlons tested. Furthermore, thermodynamlc analysis of theaIIeI G-quadruplexes show positive and negative peaks around 295 and
mtramo!ecular G_—qu.adruplexes formed Wytmhaor human 265 nm, respectively, whereas parallel G-quadruplex structures shows
telomeric DNAs indicated that the stabilities of the G-quadru- positive and negative peaks around 260 and 240 nm, respeciivaly.
plexes folded by long telomeric DNAs are independent of the current study, the CD spectra of DNA oligonucleotides were
sequence length, although telomeric DNAs with four repeats measured for 1M DNA total strand concentration using a J-820
spectropolarimeter (JASCO Co., Ltd., Hachioji, Japan) with a 0.1-cm

(20) Parkinson, G. N.; Lee, M. P. H.; Neidle, Bature 2002 417, 876-880. path length quartz cell at 4C. The CD spectrum was obtained by
(21) Lu, M.; Guo, Q.; Kallenbach, N. RBiochemistryl992 31, 2455-2459.
(22) Lu, M.; Guo, Q.; Kallenbach, N. RBiochemistry1993 32, 598-601.

(23) Mergny, J. L.; Phan, A. T.; Lacroix, LEEBS Lett.1998 435 74—78. (26) Richard, E. GHandbook of Biochemistry and Molecular Biolog¥RC

(24) Phan, A. T.; Patel, D. J. Am. Chem. So@003 125 1502%-15027. Press: Cleveland, OH, 1975.

(25) Mergny, J. L.; Cian, A. D.; Ghelab, A.; Sa¢da.; Lacroix, L. Nucleic (27) Miyoshi, D.; Matsumura, S.; Nakano, S.; Sugimoto JNAm. Chem. Soc.
Acids Res2005 33, 81-94. 2004 126, 165-169.
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Figure 2. (A) Nondenaturing 20% PAGE of (TTTTGGGf)-12 in the presence of 100 mMKat 4 °C (pH 7.0). Lane 1, 50-bp DNA standard; lane 2,
10-bp DNA standard. (B) CD spectra of (TTTTGGGG)-1, measured at 4C in 50 mM Tris-HCI (pH 7.0) containing 100 mM K The intensities of the

CD spectra of the long telomeric DNAs generally increased with the repeat number. A recent conformational analysis of the G-quadruplex steattdres re
that the CD spectra of an antiparallel G-quadruplex structure had a positive peak near 295 nm and a negative peak near 265 nm, whereas a parbel G-quadr
structure had positive and negative peaks near 260 and 240 nm, resp&€#VéB). Schematic structures of the intermolecular and intramolecular G-quadruplex

in the presence of K (D) Nondenaturing 20% PAGE of (TTTTGGG&)-12 in the presence of 100 mM Naat 4 °C (pH 7.0). Lane 1, 50-bp DNA
standard; lane 2, 10-bp DNA standard. (E) CD spectra of (TTTTGGGG), measured at 4C in 50 mM Tris-HCI (pH 7.0) containing 100 mM NaThe
intensities of CD spectra of the long telomeric DNAs generally increased with the repeat number. (F) Schematic structure of the intramoledug@ieX-qua

in the presence of Na In panels B and E, the number of repeaisig indicated as follows: 4, blue; 5, purplish red; 6, orange; 7, light blue; 8, red; 9, brown;
10, green; 11, dark blue; 12, pink.

taking the average of three scans made at 0.5-nm intervals from 200the structures oOxytrichatelomeric DNAs in the presence of

to 350 nm. Before measurement, the DNA sample was heated at 90100 mM K*. Figure 2A shows the results of nondenaturing
°C for 10 min, gently cooled at 0.2C min™%, and incubated at 4C PAGE for (TTTTGGGG)-4-12in a buffer containing 100 mM
overnight. The temperature of the cell holder was regulated by a PTC- k| and 50 mM Tris-HClI (pH 7.0) at 4C. We observed two
348 temperature controller (JASCO), and the Cuvette'hOId.ing Chamberdistinct bands with clearly different mobilities for each DNA.
was fIUShe.d with a constant stream of dry Bas to avoid water For (TTTTGGGG), the lower band (labeled with a red asterisk
condensation on the cuvette exterior. . ) , d h f h h f th b

Thermodynamic Analysis. UV melting curves of G-quadruplexes In .Flgure 2A) mlgrate much faster than that of the 20-base
pair duplex. This suggests that the lower band corresponds to

were measured at 295 Afusing a UV-1700 spectrometer (Shimadzu). _ o :
Before measurement, samples were heated 8€90r 10 min, gently an intramolecular G-quadrup¢®because an intermolecular

cooled from 90 to OC at 0.2°C min-1, and incubated at 2C overnight. G-quadruplex such as a dimer of 64 bases would migrate slower
The samples were then heated from 0 to°@0at 0.2°C min~t. The than the 20-base pair duplex of 40 bases. On the other hand, a

temperature of the cell holder was controlled by a TMSPC-8 temper- dramatic decrease in the mobility of the slower band (labeled
ature controller (Shimadzu), and water condensation on the cuvetteyyith a green star) indicates that the band corresponds to an
exterior in the low-temperature range was avoided by flushing with a jntermolecular G-quadruplex as indicated by thermodynamic
constant stream of dry\yas. To calculate thermodynamic parameters, analysis (see “Thermodynamic Properties of the LOagtricha
including the melting temperaturdy), the enthalpy changeAtt®), Telomeric DNAs”"). Because all of the other sequences showed

the entropy change\S’), and the free energy change at®7 (AG°sy) L . . .
for intramolecular G-quadruplex formation, the melting curves were §|m|lf51r migration pattern.S, it appears that all of the samples fold
into intramolecular and intermolecular G-quadruplexes.

fit?8 to the theoretical equation for an intramolecular association.

Results and Discussion (28) Marky, L. A.; Breslauer, K. JBiopolymers1987 26, 1601-1620.
(29) Vorlickova M.; Chladkova J.; Kejnovskal.; Fialova M.; Kypr, J.Nucleic

: : ; Acids Res2005 33, 5851-5860.
Structures of Long OxytrichaTelomeric DNAs. We carried (30) He, Y.; Neumann, R. D.; Panyutin, |. Sucleic Acids Re2004 32, 5359

out nondenaturing PAGE and CD experiments to investigate 5367.
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Figure 2B shows the CD spectra of tBxytrichatelomeric

structure. The CD spectra of the human telomeric DNAs in the

DNAs under the same conditions. The CD spectrum of each same condition, however, showed two positive peaks near 290

Oxytrichatelomeric DNA has two positive peaks around 265

and 260 nm, indicating a mixture of parallel and antiparallel

and 290 nm, indicating that these sequences form both parallelG-quadruplexes (Figure 3B). Previous reports indicated a

and antiparallel G-quadruplex&sAlthough shortOxytricha
telomeric DNAs such as GGGGTTTTGGGG or GGGG-
(TTTTGGGGY) are reported to form intermolecular or intra-

mixture of parallel and antiparallel G-quadruplexes for a short
human telomeric DNA, AGGG(TTAGGGF%38 The parallel
G-quadruplex structure of short human telomeric DNAs, such

molecular antiparallel G-quadruplexes, respectively, in the as TAGGGTTAGGGT or AGGG(TTAGGG) was further

presence of K,3233the current results suggest that the longer shown to be a propeller G-quadruplex with extra lo&p%,

Oxytrichatelomeric DNAs (1 > 4) fold into a mixture of parallel whereas the antiparallel G-quadruplex structure included lateral
and antiparallel G-quadruplexes. On the other hand, the propellerloops3® Because these antiparallel and parallel G-quadruplexes
G-quadruplex structure with extra loops enables the monomericare intramolecular structures, the two appear to have similar
or dimeric G-quadruplex of human telomeric DNAs to form a molecular weights and global shapes. Therefore, they cannot
parallel structurd%24On the basis of these results, it is possible be resolved by nondenaturing PAGE and appear as a single
that the parallel topologic structure may also be formed by band. Our nondenaturing PAGE and CD results are consistent

Oxytricha telomeric DNAs in monomeric or dimeric G-
quadruplexes as shown in Figure 2C.

We also studied the structures of tRxytricha telomeric
DNAs in the presence of Na We carried out nondenaturing
PAGE of Oxytrichatelomeric DNAs in a buffer containing 100
mM NaCl and 50 mM Tris-HCI (pH 7.0) at 4C (Figure 2D).

and indicate that the long human telomeric DNAs fold into a
mixture of parallel and antiparallel G-quadruplexes in the
presence of K as depicted in Figure 3C.

Figure 3D shows the nondenaturing PAGE image of human
telomeric DNAs in a buffer containing 100 mM NaCl and 50
mM Tris-HCI (pH 7.0) at 4°C. The results show that, in the

We found that there was only one band (labeled with red presence of N& the human DNAs also appeared as single

asterisks) for the relatively shorter sequences 4—7). In all

bands, and their migration indicated an intramolecular structure.

of the samples, the band migrated at the position of the fasterFigure 3E shows the CD spectra of the human telomeric DNAs

band observed in the presence off,Kindicating that it

in the same condition. The CD spectra have a positive peak

corresponds to an intramolecular G-quadruplex. The migration near 295 nm and a negative peak near 260 nm, demonstrating

profiles of the longer sequences & 8—12) were more

that the DNAs fold into antiparallel G-quadruplexes. These

complicated than those of the shorter sequences. For these longanondenaturing PAGE and CD results confirm that Neduces
sequences, in addition to the band corresponding to thethe formation of antiparallel G-quadruplex regardless of whether
intramolecular structure (labeled with a red asterisk), there was the telomeric sequence is short (e.g., AGGG(TTAGG&)or

another distinct band with a higher mobility (labeled with a blue

triangle). Although further studies are required to determine the

long (h = 4) (Figure 3F).
These PAGE and CD results reveal that long telomeric DNAs

nature of the higher mobility band, it may be due to a more fold into different structures depending on the species, length,
compact intramolecular structure. In the corresponding CD and ionic conditions. Importantly, we confirmed that the
spectra (Figure 2E), all of the sequences have a single positivestructure ofOxytrichaand human telomeric DNAs is neither a
peak near 295 nm and a single negative peak near 260 nmrandom aggregate nor a higher order structure such as a

indicating that théDxytirchatelomeric DNAs (i = 4—12) form
an antiparallel G-quadruplex structure in the presence ¢t Na

G-wire*041Moreover, we showed that the effect of monovalent
cations on the G-quadruplex structure is equally important for

Na has been previously shown to induce the formation of long and short telomeric DNA®:2432-39

antiparallel G-quadruplexes by sh@xytrichatelomeric DNAs,
namely, GGGTTTTGGG and GGGG(TTTTGGGG} %" The

Thermodynamic Properties of the Long Oxytricha Telo-
meric DNAs. We investigated the thermodynamic properties

current results are consistent with these previous findings, of the G-quadruplex structures formed by the ldbgytricha

indicating that all of the sequences form antiparallel G-
quadruplexes in the presence ofNas depicted in Figure 2F.
Structures of Long Human Telomeric DNAs. We next

telomeric DNAs by analyzing thermal melting curves generated
from UV absorbance measurements at 2952ArRigure 4A
shows the annealing and melting curves of (TTTTGG&IG)

examined the structures of human telomeric DNAs using a buffer containing 100 mM KCI and 50 mM Tris-HCI (pH
nondenaturing PAGE and CD spectroscopy. Figure 3A shows 7.0). The hysteresis between the annealing and melting curves
the results of nondenaturing PAGE for the human telomeric indicates that the folding of th©xytricha sequence in the

sequence, (TTTAGG)4-12, in a buffer containing 100 mM KCI
and 50 mM Tris-HCI (pH 7.0) at £C. In contrast to the
OxytrichaDNAs, there was a single band for all of the human
telomeric DNAs, and its migration indicated an intramolecular

(31) Miyoshi, D.; Karimata, H.; Sugimoto, NAngew. Chem., Int. E®005
44, 3740-3744.

(32) Smith, F. W.; Feigon, Biochemistryl993 32, 8682-8692.

(33) Balagurumoorthy, P.; Brahmachari, S.IKdian J. Biochem. Biophy4995
32, 385-390.

(34) Smith, F. W.; Lau, F. W.; Feigon, Proc. Natl. Acad. Sci. U.S.A.994
91, 10546-10550.

(35) Strahan, G. D.; Keniry, M. A.; Shafer, R. Biophys. J.199§ 75, 968—
981.

(36) Keniry, M. A; Strahan, G. D.; Owen, E. A.; Shafer, R.Er. J. Biochem.
1995 233 631-643.

(37) Wang, Y.; Patel, D. . Mol. Biol. 1995 251, 76—94.
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presence of K does not occur via a two-state transition. Rather,
two distinct transitions were observed in the melting process,
suggesting that at least two structures coexist in solution. Figure
4B shows theT,, values of the higher and lower temperature
transitions Tmy and T, respectively) versus the concentration
of (TTTTGGGG). The Tyy values were independent of the
DNA concentration, demonstrating that the structure unfolded

(38) Li, J.; Correia, J. J.; Wang, L.; Trent, J. O.; Chaires, JNBcleic Acids
Res.2005 33, 4649-4659.

(39) Wang, Y.; Peter, D. Btructure 1993 1, 263-282.

(40) Marsh, T. C.; Vesenka, J.; HendersonNHcleic Acid Res1993 23, 696—
700.

(41) Miyoshi, D.; Nakao, A.; Sugimoto, NNucleic Acid Res2003 31, 1156-
1163.
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Figure 3. (A) Nondenaturing 20% PAGE of (TTAGGG)s-12in the presence of 100 mM¥Kat 4°C (pH 7.0). Lane 1, 50-bp DNA standard; lane 2, 10-bp
DNA standard. (B) CD spectra of (TTAGG@G)-1, measured at 4C in 50 mM Tris-HCI (pH 7.0) containing 100 mM K The intensities of CD spectra

of the long telomeric DNAs generally increased with the repeat number. (C) Schematic structures of the intramolecular G-quadruplex in the grésence o
(D) Nondenaturing 20% PAGE of (TTAGG&G)-12 in the presence of 100 mM Naat 4 °C (pH 7.0). Lane 1, 10-bp DNA standard; lane 2, 50-bp DNA
standard. (E) CD spectra of (TTAGG£)-12 measured at 4C in 50 mM Tris-HCI (pH 7.0) containing 100 mM NaThe intensities of CD spectra of the

long telomeric DNAs generally increased with the repeat number. (F) Schematic structure of the intramolecular G-quadruplex in the preserice of Na
panels B and E, the number of repeatki$ indicated as follows: 4, blue; 5, purplish red; 6, orange; 7, light blue; 8, red; 9, brown; 10, green; 11, dark blue;
12, pink.

at the higher temperature is an intramolecular G-quadruplex. as observed by nondenaturing PAGE (Figure 2C), the melting
On the other hand, th&,_ values increased with the DNA  curves with a single sigmoid shape indicate that the thermo-
concentration, indicating that the structure unfolded at the lower dynamic stabilities of the two G-quadruplex structures are very
temperature is an intermolecular G-quadruplex. These resultssimilar. Furthermore, th&, values were independent of the
show that the intramolecular G-quadruplex is more stable than DNA concentration (Figure 4D for (TTTTGGGGand Figure
the intermolecular G-quadruplex. The otl@xytrichatelomeric S1D for (TTTTGGGG)=5-17), confirming the formation of
DNAs, (TTTTGGGG)=s5-12, behaved in a similar manner in  intramolecular antiparallel G-quadruplexes ®yytrichatelo-
the presence of K (see Figures S1A and S1B for the melting meric DNAs in the presence of NaThese melting behaviors
curves and the plot ofy, versus the concentration of DNA). in the presence of Kor Na" are consistent with the structures
Comparison of the nondenaturing PAGE analyses for the determined by nondenaturing PAGE and CD (Figure 2C,D).
Oxytrichatelomeric DNAs (Figure 2A,B) and the UV-melting Using these melting curves, we further attempted to estimate
results shows that the intermolecular structure that unfolded atthe thermodynamic parameters for the formation of the G-
the lower temperature corresponds to the slower band, whereagjuadruplex structures i@xytrichatelomeric DNAs. Although
the intramolecular structure unfolded at the higher temperature the non-two-state transition @xytrichatelomeric DNAs makes
corresponds to the faster band. it difficult to estimate the parameters in the presence of K
We also evaluated the thermodynamic stability of the (Figures 4A and S1A), a hysteresis was not observed in the
G-quadruplexes formed b@xytrichatelomeric DNAs in the presence of N&a (Figures 4C and S1C), indicating that the
presence of N& Figure 4C shows the annealing and melting formation of the intramolecular antiparallel G-quadruplex is in
curves for (TTTTGGGG)in a buffer containing 100 MM NaCl  a two-state transition. Therefore, we calculated the values of
and 50 mM Tris-HCI (pH 7.0) at 4C (see also Figure S1C for AH°, AS’, and AG°37 by fitting the melting curves in the
the melting curves for (TTTTGGG®&)s-12). In contrast to the presence of Nato the theoretical equation for an intramolecular
melting curve in the presence of'Kthe melting curve in the  associatiorf®
presence of N& shows a single sigmoid shape. Although Figure 5 shows thH°® andAS’ values for the antiparallel
(TTTTGGGG)=5-12 folds into two intramolecular structures  G-quadruplexes of (TTTTGGGG)-12in the presence of 100
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Figure 4. (A) Normalized thermal annealing (pink) and melting (blue)

profiles recorded at 295 nm for (TTTTGGGGH 50 mM Tris-HCI (pH
7.0) containing 100 mM K. (B) Plot of T vs concentration of
(TTTTGGGG) (1-50 uM strand concentration) in 50 mM Tris-HCI (pH
7.0) containing 100 mM K. (C) Normalized thermal annealing (pink) and
melting (blue) profile recorded at 295 nm for (TTTTGGG&) 50 mM
Tris-HCI (pH 7.0) containing 100 mM Na (D) Plot of T, vs concentration
of (TTTTGGGG}) (1-50 uM strand concentration) in 50 mM Tris-HCI
(pH 7.0) containing 100 mM Na
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Figure 5. AH° and AS’ values of the antiparallel G-quadruplexes of the
(TTTTGGGG)=4-12 in the presence of 100 mM Na+4 andO indicate
AH° and AS’ values, respectively.

mM Nat. The AH® value for (TTTTGGGG) (—58.9 kcal/mol)
is lower than that of (TTTTGGGG)(—52.4 kcal/mol). Simi-
larly, the AS’ value for (TTTTGGGGY (—181 cal/moK) is
also lower than that for (TTTTGGGG)—159 cal/moK). A
similar tendency was observed in thél® andAS® values for
(TTTTGGGG), and (TTTTGGGG). These results indicate
that (TTTTGGGGj can fold into two G-quadruplex units (i.e.,

Table 1. Free Energy Change at 37 °C (AG°37) of Intramolecular
G-Quadruplex Formation of (TTTTGGGG);=4-12 in the Presence of
Na*

N AG°3 (kcal/mol) N AG°3; (kcal/mol)
4 —4.34+0.14 9 —2.67+0.10
5 —2.84+0.13 10 —2.544+0.11
6 —2.91+0.12 11 —2.53+0.18
7 —2.92+0.13 12 —2.50+0.11
8 —2.93+0.17

because the number of G-quadruplex units would be the same.
Notably, the G-quadruplex of (TTTTGGGéEXNas one flanking
sequence (free repeat) but (TTTTGGG@@pes not, and Guo

et al. previously reported that the elongation flanking sequence
thymidines at the send of the TTTTGGGG sequence signifi-
cantly destabilize the G-quadrupl&&Thus, flanking sequences
destabilize the G-quadruplex structure of long telomeric DNAs,
which can explain why thé\H°® and AS® values for (TTTT-
GGGG) were larger than those for (TTTTGGG4 pimilarly

this can explain why the values for (TTTTGGG®)ere lower
than those for (TTTTGGGG)

On the other hand, th&G°3; values listed in Table 1 changed
little as the repeat number increased from 5 to 12, indicating
that the stability of G-quadruplexes folded by lon@etytricha
telomeric DNAs (i = 5—12) is mostly independent of sequence
length; however, the difference iNG°3; for G-quadruplex
formation between (TTTTGGGG)and (TTTTGGGG) is
relatively large (1.5 kcal/mol). Moreover, the difference between
the AH® values for (TTTTGGGG)and (TTTTGGGGy shows
that the lower stability of (TTTTGGGG)is due to the
unfavorable enthalpy change of the G-quadruplex of (TTTT-
GGGG}. These results suggest that disturbance of the hydrogen
bonds by the flanking sequence and/or association of fewer
cation or water molecules contributes significantly to the stability
of G-quadruplexes with shorter sequences.

Three conclusions can be drawn from the thermodynamic
properties of longOxytricha telomeric DNAs: (1) the intra-
molecular G-quadruplex structure is more stable than the
intermolecular G-quadruplex structure, (2) the stability of the
intramolecular G-quadruplex formed by longer sequences is
mostly independent of the sequence length, and (3) the free
flanking sequences can affect the thermodynamics of G-
guadruplex formation.

Thermodynamic Properties of Long Human Telomeric
DNAs. We also studied the thermodynamic properties of long
human telomeric DNAs in the presence of Kr Na" by melting
curve analysis. Figure 6A shows the annealing and melting
curves of (TTAGGG) in a buffer containing 100 mM KCl and
50 mM Tris-HCI (pH 7.0). The single sigmoid melting curve
in Figure 6A indicates that the antiparallel and parallel G-

each G-quadruplex structure is composed of four repeats), butquadruplexes observed in the structural study (Figure 3B) have

that (TTTTGGGG; can form only one G-quadruplex unit. Thus,
it is reasonable that theH° andAS’ values for (TTTTGGGG)
were lower than those for (TTTTGGGgpecause the two

very similar thermal stabilities. Moreover, the melting and
annealing curves did not show hystereses, suggesting a two-
state transition of the G-quadruplex formation in the presence

G-quadruplex units of the former form more stacking and of K+. Figure 6B shows that th&, values were independent
hydrogen-bond interactions and coordinate more cations. Thisof the DNA concentration in the presence of KSimilarly, the

also accounts for the tendency of thél° andAS® values for
(TTTTGGGG),, which forms three G-quadruplex units, to be
lower than those of (TTTTGGGG)

The AH® andAS’ values for (TTTTGGGG&G)were lower than
those for (TTTTGGGG&) The reason for this was unclear

15466 J. AM. CHEM. SOC. = VOL. 128, NO. 48, 2006

annealing and melting curves for (TTAGG&3)Iso showed a
single sigmoid shape in the buffer containing 100 mM NacCl
and 50 mM Tris-HCI (pH 7.0), and a hysteresis was not

(42) Guo, Q.; Lu, M.; Kallenbach, N. RBiochemistry1993 32, 3596-3603.
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duplex tail greatly stabilizes G-quadruplex structufest. is
reasonable that th&&H° value increased i@xytrichatelomeric
DNAs whenn was raised from 5 to 7 or from 9 to 11 (Figure
5) because its flanking sequence contains only T and G, which
cannot form WatsonCrick base pairs. Thus, the sequence of
the flanking tail also affects the thermodynamic properties of
the structures formed by long human telomeric DNAs.

Moreover, on the basis @G°37 values (Table 2), we found
that the intramolecular G-quadruplexes formed by the human
telomeric DNAs in the presence of*Kare more stable than
those formed in the presence of Nalhis agrees with the
previous observation that*Kis more effective at stabilizing
G-quadruplexes of short telomeric DNAs than other monovalent
cations*~46 Like Oxytricha telomeric DNAs, the sequence
length has little effect on the thermal stability of the intra-
molecular G-quadruplex formed by the longer human telomeric
DNAs (n = 5—12). The differences in thAG°s7 values for
(TTAGGG), and (TTAGGGS3 are also relatively large in the
presence of K and N&a (1.26 and 0.55 kcal/mol, respectively)
compared with the differences between longer sequences. This
appears to be due to the same reasons described for the

profile recorded at 295 nm for (TTAGG@)N 50 mM Tris-HCI (pH 7.0) Oxytrichatelomeric DNAs.

containing 100 mM K. (B) Plot of T, vs concentration of (TTAGGQG) : :
(1-50 uM strand concentration) in 50 mM Tris-HCI (pH 7.0) containing Possible Structures of the LongOxytricha and Human

100 mM K*. (C) Normalized thermal annealing (pink) and melting (blue) ~1€lomeric DNAs and Their Biological Significance. The

profile recorded at 295 nm for (TTAGG@jn 50 mM Tris-HCI (pH 7.0) results of the current study revealed the possible structural
containing 100 mM N&. (D) Plot of Ty, vs concentration of (TTAGGG) arrangement of G-quadruplexes formed by long telomeric DNAs

(1-50 uM strand concentration) in 50 mM Tris-HCI (pH 7.0) containing

100 mM Na'.

that are long enough to form more than one G-quadruplex unit.
The AH® and AS’ values of (TTTTGGGG)-4812and (TTA-

observed, suggesting a two-state transition for the G-quadruplexGGGh=s812 generally increase with the sequence length

in the presence of Na(Figure 6C). Moreover, th&, values
were independent of the DNA concentration in the presence o
Na* (Figure 6D). The other longer human telomeric DNAs (
= 5-12) have similar behaviors (see Figure S2 for the melting
curves and the plot oF, values versus concentration of human
telomeric DNA in the presence of*Kand Na). These results
confirm that the human telomeric DNAs fold into intramolecular
G-quadruplexes in the presence of k&r Na“, which agrees

with the structural analysis (Figure 3).

Because formation of the intramolecular G-quadruplex in the
presence of K and Na is in a two-state transition between

(Figures 5 and 7). These parameters suggest that the two or

sthree G-quadruplex units do not interact because interactions

such as stacking and hydrogen bonding should decreagdthe
andAS’ values. Therefore, it appears that long telomeric DNAs
tend to arrange as distinct G-quadruplex units joined by a TTTT
linker (Oxytrichg or TTA linker (human), resembling beads
on a string, and that the G-quadruplexes are not generated by
stacking interactions (Figure 1C). Overall, the bead-on-a-string
structure should be similar for long telomeric DNAs irrespective
of the specific components. Figure 8 shows the possible
structures of longdxytrichaand human telomeric DNAs based

on the G-quadruplex conformations of sh@xytricha’ and

the single-stranded random coil and G-quadruplex, we estimatedhymart84° telomeric DNAs, wherein the conformation of the

AH°, AS’, and AG°3; for G-quadruplex formation in the
presence of K or Na' by fitting melting curves to the

theoretical equation for an intramolecular associatfohike

the Oxytricha telomeric DNAs, the sequences of (TTA-
GGG)=4812 had AH° values distinctly lower than their

G-quadruplex units in a bead-on-a-string may be different from
each other.

The bead-on-a-string structure is more reasonable than the
stacking structure for various biological roles of the telomeric
DNAs. For example, during meiosis, telomeric DNAs are not

neighboring sequences in the presence ofdk Na“ (Figure lost all at once but rather are shortened step by ¥téipthe

7). For example, in the presence of KheAH® andAS’ values  telomeres adopt the stacking structure, the entire structure must
for (TTAGGG) were lower than those for (TTAGG@pand unfold before each round of meiosis and fold into a new stacking
(TTAGGG). These results suggest that, regardless of the structure after meiosis, which seems unreasonable from the

species, telomeric sequences whose repeat number is a multiple

of four are more ordered than other sequences. Interestingly, in43) Macaya, R. F.; Waldron, J. A.; Beutel, B. A.; Gao, H.; Joesten, M. E.;

the presence of Kor Na', the AH® andAS® values tended to vang, M; patel, R.; Bertelsen, A. H.; Cook, A. Biochemistyl995 34,

decrease as the repeat number increased from 5 to 7 or from 944) ggargllné ((;.4 %zHenderson, E.; Watson, T.; Prosser, Bi#chemistry1991,
to 11. This suggests that there are more interactions and higheis) ‘sen, b.; Gilbert, WBiochemistry1992 31, 65-70.

rigidity as the sequence length increases. A possible reason for(46) Sen, D.; Gilbert, WNature 199Q 344 410-414.
(47) Smith, F. W.; Schultze, P.; Feigon,Sktructure1995 3, 997—1008.

this is that the flanking sequences of human antiparallel (48) Marathias, V. M.; Bolton, P. HBiochemistry1999 38, 4355-4364.

G-quadruplexes can form Watse@rick T-A base pairs, leading ~ (49) He, ¥.i Neumann, R. D.; Panyutin, I. Gucleic Acid Res2004 32, 5359

to reducedAH® and AS® values. Macaya et al. found that a (50) Bryan, T. M.; Cech, T. RCurr. Opin. Cell. Biol.1999 11, 318-324.
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Figure 7. (A) AH° andAS’ values of the parallel and antiparallel G-quadruplexes of the (TTAGGG), in the presence of 100 mM K (B) AH° and
AS values of the antiparallel G-quadruplexes of the (TTAGGG)2 in the presence of 100 mM Na# andO indicateAH® andAS’ values, respectively.

Table 2. Free Energy Change at 37 °C (AG°s) of Intramolecular G-quadruplex unif? although this is somewhat different from
G-Quadruplex Formation of (TTAGGG)r—s-12 our model; there is a stacking interaction between every two
K Na* G-quadruplex units in their model, whereas our data indicated
n AG? (kcalimol) AG" (kcal/mol) that the stacking interactions between G-quadruplex units are
g *gggi 8-1‘1 *i-ggi 8-82 unfavorable under the conditions examined here. Thus, the bead-
e 570+ 012 113+ 010 on-a-string structure proposed here may be more representative
7 —2.92+0.15 —1.38+ 0.07 of the structure of long telomeric DNAs in solution.
8 -3.02+0.17 —1.32+0.09 -
9 —2.58+ 0.09 ~1.06+ 0.05 Conclusion
10 —2.8340.09 -1.11+0.05 The present results revealed the behaviors of long telomeric
11 —2.98+0.10 —1.22+0.07 DNAs in solution. First, the long@xytricha telomeric DNA
12 -3.16+0.11 —1.08+ 0.10 S in solution. First, the lon@xytricha telomeric s

are more polymorphic than human telomeric DNAs, indicating
that the sequence plays an important role in G-quadruplex
A formation as reported for short telomeric DNAs. Moreover, the
ionic conditions greatly affect G-quadruplex conformation; for
example, long telomeric DNAs fold into antiparallel G-
guadruplexes in the presence of Navhereas they fold into a
mixture of parallel and antiparallel G-quadruplexes in the
presence of K. These results are generally consistent with the
previous results for short telomeric DNAs. Second, the measure-
ments ofAH® andAS’ revealed that the G-quadruplex structure
is affected by the flanking sequences. This phenomenon was
also reported for short telomeric DNAs. Thus, short and long
telomeric DNAs have common properties. Last and most
I importantly, our thermodynamic results demonstrate for the first
time that the most reasonable arrangement of the long telomeric
DNAs is a bead-on-a-string structure in which the individual
G-quadruplex units adopt the G-quadruplex structure. This may
represent an important feature of long telomeric DNAs and may
help clarify the mechanism of telomere shorting. Together, these
findings should help advance telomere science and aid in the
development of drugs and ligands targeting telomeric DNAs
' and telomerase.
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