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Abstract: We demonstrate by NMR that the two-repeat human telomeric sequence d(TAGGGTTAGGGT)
can form both parallel and antiparallel G-quadruplex structures in K*-containing solution. Both structures
are dimeric G-quadruplexes involving three stacked G-tetrads. The sequence d(TAGGGUTAGGGT),
containing a single thymine-to-uracil substitution at position 6, formed a predominantly parallel dimeric
G-quadruplex with double-chain-reversal loops; the structure was symmetric, and all guanines were
anti. Another modified sequence, d(UAGGGT®"UAGGGT), formed a predominantly antiparallel dimeric
G-quadruplex with edgewise loops; the structure was asymmetric with six syn guanines and six anti guanines.
The two structures can coexist and interconvert in solution. For the latter sequence, the antiparallel form
is more favorable at low temperatures (<50 °C), while the parallel form is more favorable at higher
temperatures; at temperatures lower than 40 °C, the antiparallel G-quadruplex folds faster but unfolds
slower than the parallel G-quadruplex.

Introduction opposite direction. The observation of a double-chain-reversal
aoop connecting two adjacent parallel-aligned stréndsis

Telomeres, the ends of eukaryotic chromosomes, are essenti o - 2 2.
for stable chromosome maintenance and appear to play anunanticipated but has since been observed within additional
druplexes investigated in our laboratory in solution and

important role in cellular aging and cancer. Human telomeric 4Y& ,
DNA contains tandem repeats of the sequence TTAGGG. The 2PPears to be a robust fold!ang topoloty.
guanine-rich strand can fold into four-stranded G-quadruplex Recently, Parkinson et alreported crystal structures of

structures involving G-tetrads, which have become currently an paral_lel_ G-quadruplexes from human te'Pme“C sequences
attractive target for development of anticancer drbigs. consisting of two or four TTAGGG repeats in the presence of

+ i - _
The solution structure of the four-repeat human telomere K- These structures were very different from all G-quadru

TTAGGG sequence has been characterized in our Iaboratoryplexes reported preyiously and cogld readily facilitate higher
by NMR in Na'-containing solutior?. This sequence forms an order telomere folding and unfoldirfgAll four strands are

intramolecular quadruplex, where four GGG segments are parallel _(G-stretches are oriented in t_he same direction), the
involved in formation of three stacked G-tetrads with eaytir connecting TTA loops are double-chain-reversal (they are lo-

antrsyn alignments around each tetrad, while three TTA cated in the grooves and connect adjacent parallel strands), and

connecting loops adopt successive edgewise, diagonal, and!l guanines ado(|jot a;]ntlhglycosf.lc conforn?rfltlons. I
edgewise alignments, such that adjacent strands are aligned V& duestioned whether Parkinson et al.’s crystal structures

antiparallel to each other. By contrast, the NMR-based solution could also exist in solution. Using _NMR spectroscopy we
structure of the four-repedtetrahymena TGGGG sequence, showed that the two-repeat telomeric sequence d(TAGGGT-

which differs from the human sequence by a single G-for-A TAGGGT) forms a similar parallel G-quadruplex structure in

o ] . "
substitution, adopts a distinctly different fold in Naontaining K -containing solution. In addition, we found that the same

solution? This quadruplex also contains three stacked G-tetrads, SedUeénce can aiso form an antiparallel G-quadruplex structure
but individual tetrads adopt either sggnsyrranti or antianti (see below). These two structures can coexist and interconvert

anti-syn alignments, and the successive connecting loops adopt" Selution. They have different thermodynamic properties and
edgewise, edgewise, and double-chain-reversal, such that thredifferent kinetics of folding and unfolding.

strands are oriented in one direction and the fourth in the (4) (a) Kettani, A.; Gorin, A.; Majumdar, A.; Hermann, T.. Skripkin, E.. Zhao,
H.; Jones, R.; Patel, D. J. Mol. Biol.200Q 297, 627—644. (b) Kuryavyi,

(1) (a) Neidle, S.; Parkinson, ®lat. Re. Drug. Des.2002 1, 383—-393. (b) V.; Majumdar, A.; Shallop, A.; Chernichenko, N.; Skripkin, E.; Jones, R.;
Hurley, L. H. Nat. Re.. Cancer2002 2, 188-200. (c) Mergny, J. L.; Patel, D. JJ. Mol. Biol. 2001, 310, 181-194. (c) Zhang, N.; Gorin, A,;
Héléne, C.Nat. Med.1998 4, 1366-1367. Majumdar, A.; Kettani, A.; Chernichenko, N.; Skripkin, E.; Patel, DJJ.

(2) Wang, Y.; Patel, D. JStructure1993 1, 263-282. Mol. Biol. 2001, 311, 1063-1079.

(3) Wang, Y.; Patel, D. JStructure1994 2, 1141-1156. (5) Parkinson, G. N.; Lee, M. P. H.; Neidle, Bature2002 417, 876-880.
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Materials and Methods represents the single strand-to-parallel G-quadruplex transition (the
. ) » folding).
Sample Preparation. The unlabeled and the site-specific low- (a) Kinetics of Folding. The folding process at a given temperature

enrichment (2%'N,*3C-labeled) oligonucleotides were synthesized (e.g. 25°C) was followed immediately after all structures had been
using solid-phasg-cyanoethyl phosphoramidite chemistry and purified  ynfolded by heating at 99C for 3 min. However, at millimolar
by HPLC as previously describ&d.They were dialyzed successively  concentration there was a fast formation of G-quadruplex structures,
against 50 mM KCl solution and against water. Unless otherwise stated, yhich likely occurred at higher temperatures2s °C) upon cooling
the strand concentration of the NMR samples was typically-8.51M; from 90°C, so that some amount of DNA was already in the form of
the solutions contained 0.1 mM EDTA, 0.01 mM DSS, and 90 mM of - G_quadruplexes at time= 0. The initial concentration of the single
KCI. The sample pH was adjusted to 7 with HCI and KOH solutions.  strand [S(0)] could be therefore normalized to the total DNA concentra-
The samples were heated at %0 for 3 min and annealed to room  tjon [S:
temperature over several days.

Nuclear Magnetic ResonanceNMR experiments were performed [S(0)] = o[S] 3)
on a 600 MHz Varian Unity INOVA spectrometer. Experiments y©OH
used the jump-and-return (JR) water suppressidor detection. For Here o. was obtained by comparing the amount of the two dimeric
experiments in BO, low-power irradiation at water frequency was used  G_quadruplex structures at equilibrium and at time= O (other

during the recovery delay to saturate the residual HDO signal and Was giryctures, e.g. higher molecular aggregation, were not considered).
switched off 0.10.3 s before excitation to avoid saturation of'H3  typically, in our experimental conditions ~ 0.5-0.7.

resonance®: In most cases we could still neglect the unfolding reaction, or
Resonances were assigned using site-specific low-enrichment label-
ing.® through-bond correlations at natural abunddn(@®ino-H8 by k,[P] < k,l[S]Z 4)

JRHMBC#2H8—H2 by HMBC®° H8/6-H1 by HSQC and sHMBC®
H1'-H2'/2"/3'14/5'/5" by COSY’d and TOCSYS® H5/5%/4'/3-P by
hetero-TOCSY), and NOESY.

Determination of Stoichiometry. The molecular size was deter-
mined bygel filtration chromatographysing a Synchropack GPC100 2
column (Synchrom, Lafayette, IN) calibrated with oligonucleotides of [PYISd ~ o (Lro)t ®)
known molecular weight as previously descrilséd.

NMR determination of stoichiometrwas based on the titration of
the concentration-dependent equilibrium between structured and un-
folded forms22 The unfolded monomer form was identified as the qu
species, which is predominant at low concentration and/or high
temperature, showing sharp nonexchangeable protons but no imino
proton signals. We note that the measurement at a high temperatur
(50 °C) allowed to have both structured and unfolded forthdigh
equilibrium concentrationswhich could bereached quicklyafter 1 h
in the NMR spectrometer (see below the results for kinetic measure-
ments). The titration was performed on samples i®tdn the basis of
signals of different imino and aromatic protons, using the JR pulse
sequence with a repetition delay of 5 s. The determination of the
absolute concentrations of different forms was helped by the comparison
of peak intensities with the internal DSS signal.

From (2)-(4), the folding time fi4) can be obtained from the slope
of the initial buildup curve using

where 1tiq = K-1[Sq].

(b) Kinetics of Unfolding. We used three different methods to
characterize the unfolding timeryq = 1/ki) of the parallel G-
adruplex.

(1) Complementary-Strand-Trap Method. At a given temper-
ature, the complementary C-strand d(ACCCTAACCCTA), which was
qikely unstructured at pH 7 as indicated by the absence of imino
protons in NMR spectra, was added to the G-strand in order to trap
the latter into a WatsonCrick duplex. Only the unfolded G-strand
would be trapped?!! the concentrations of G-quadruplex structures
would decay through G-quadruplex-to-single strand transitions, and
the reverse reaction was inhibited because the unfolded G-strand
was trapped. The unfolding of each G-quadruplex and the formation
of the duplex were followed in real time by their imino protons,
respectively. In our experimental conditions (strand concentrations of

Kinetic Measurements. Kinetics of folding and unfolding of the G-strand and of the C-strand were G-044 and 0.22.0
different dimeric G-quadruplexes was studied in real-time experiments respectively), the hybridization between the two strands oc-

by following ch_aracteristic imino protons (s_e_e Results). For clarity, we ¢ rred quickly and was not a limiting step for the unfolding. The term
assumed a simple model, where transitions between the parallely g2 in eq 2 was suppressed; the concentration of the parallel

G-quadruplex (P), the unfolded single strand (S), and the antiparallel G-quadruplex could be described as a single-exponential decaying
G-quadruplex (A) resulted in equilibrium among the three states qward zero:

(although other states such as a prefolded single strand may be also
involved). The direct interconversion between the two G-quadruplexes [P(®)] = [P(0)] eXp(-t/r, 10 ©6)
is improbable. unfol

. . Here [P(0)] and [R]] were the concentration of the parallel form at
P==S+S==A (1) time zero and at timg, respectively.
2

(6) (a) Phan, A. T.; Patel, D. J. Am. Chem. So@002 124, 1160-1161. (b)

i i i i Phan, A. T.; Patel, D. 1. Biomol. NMR2002 23, 257—262.
We Wlll describe below the measurements of folding and unfolding (7) Plateau, P> Guen, M. J. Am. Chem. Sod982 104 7310-7311.
kinetics only for the parallel G-quadruplex. These measurements were (g) (a) Phan, A. T.; Guen, M.; Leroy, J. L.Methods EnzymoR001, 338

also similarly applied to the antiparallel G-quadruplex. ggé—f;?’l_-l(% Phan, A. T.; Guen, M.; Leroy, J. L.J. Mol. Biol. 2000
The rate equation for the change in the parallel G-quadruplex (g) (a) Phan, A. TJ. Biomol. NMR200Q 16, 175-178. (b) van Dongen, M.
concentration can be written as J. P.; Wijmenga, S. S.; Eritja, R.; Azorin, F.; Hilbers, C. W.Biomol.

NMR 1996 8, 207-212. (c) Phan, A. TJ. Magn. Res2001, 153 223-
226. (d) Piantini, U.; Sorensen, O. W.; Ernst, R. R.Am. Chem. Soc.
[ 2 1982 104, 6800-6801. (e) Bax, A.; Davis, D. Gl. Magn. Res1985 65,
d[Py/at 1[P] + k4[S] @ 355-360. (f) Kellogg, G. W.J. Magn. Res1992 98, 176-182.
(10) Phan, A. T.; Mergny, J. INucleic Acids Res2002 30, 4618-4625.
. . . (11) (a) Raghuraman, M. K.; Cech, T. Rucleic Acids Resl99Q 18, 4543~
In the right-hand side, the first term represents the parallel G-quad- 4552. (b) Green, J. J.; Ying, L.; Klenerman, D.; Balasubramaniad, S.

ruplex-to-single strand transition (the unfolding) and the second term Am. Chem. SoQ003 125, 3763-3767.
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(2) Concentration-Jump Method. In this method, we diluted largely
(about 100-fold) a concentrated sample and observed how the equi-
librium between each G-quadruplex form and the single strand was
reached at a given temperature. The initial concentration of the single
strand [S(0)] could be normalized to the equilibrium concentratiof [S
(a) /\
12

[SO)]=yIS.] (7) | ]
11 H(ppm)

The relation between the equilibrium concentrations of the parallel
G-quadruplex [R] and of the single strand [$can be written as
K [P.] = k_,[S.]? 8 (b)
i[P.] = k4[S.] (®) ® [N

The concentrations of each form at different times were derived from
the intensities of their respective characteristic protons. From eqgs 2, 7,

and 8, the unfolding time can be determined from the slope of the ©
initial buildup curves with o .
T T
1
[PO] ~ [PO)] ~ {[PO)] - ¥ [P} kit 2 o THeem)
Figure 1. Imino proton spectra of the human telomeric sequences at 600
or MHz: (a) natural sequence d(TAGGGTTAGGGT); (k)6 sequence

d(TAGGGUTAGGGT); (c) U1B7 sequence d(UAGGGETUAGGGT).

Experimental conditions: strand concentration, 3 mM; temperatu 0
{PO)] — POIMP.] ~ Bl ot ©  somKctpnT peralure2

wherefp = [P(0))/[P.] — 72

(3) Temperature-Jump Method. The antiparallel G-quadruplex or 50
the parallel G-quadruplex could become overpopulated when the sample 0
temperature was jumped up or down, respectively (see Results). The § 30 s i
S c 0.1
system would then evolve to reach the new equilibrium between the § 20 =
two G-quadruplex forms and the single strand. In principle, the same ©° g
approach as the concentration-jump method could be applied. Unfor- é £
tunately, in many cases, peaks corresponding to the single strand were 2 10 | 2 001F
too small to be observed for the initial slope analysis as just described. 8
However, an analysis of the decay of each G-quadruplex concentration,
e.g. a determination of its time constant, was still useful. Although 6 . . . 0.001
interpretation of this time constant was difficult due to the involvement 50 55 60 65 7.0 .
of both forward and reverse reactions, it provided a boundary for Elution time (min) [Monomer] (mM)
comparison of different G-quadruplex unfolding kinetics. Figure 2. (a) Determination of stoichiometry by gel filtration chromatog-
raphy on an analytical Synchropak GPC 100 column with the elution buffer
Results being 70 mM KCIl and 20 mM potassium phosphate, pH 7, at room

. temperature. The known number of residues of several nucleic acid reference
Two-Repeat Human Telomeric Sequence d(TAGGGT- samples (in black) (including single-stranded oligonucleotides, duplexes,

TAGGGT) Forms Different Structures in Solution. For the and quadruplexes) is plotted in log scale as a function of the elution time.
natural two-repeat human telomeric sequence d(TAGGGT- The straight line is interpolation through these data. The elution time of

; U6 andU1B7(~1 mM) is consistent with a molecular size of 24 nucleotides,
TAGGGT), the number of proton resonances (Figure 1a) corresponding to a dimer (open data point with open arrow). The elution

indicated the presence of multiple G-quadruplex forms in tme of heated diluted samples tf6 and ULB7 (~1 uM) is consistent
K*-containing solution. In Parkinson et al.’s sequence, where with a molecular size of 12 nucleotides, corresponding to a single strand
two thymines (T1 and T6) were substituted by bromouracils (oPen data point with black arrow). (b) Determination of stoichiometry by

Bry | bserved more than one form. Furthermor NMR titration of the equilibrium strand concentrations of the multimer
(*'U), we also observe ore than one rorm. FUrtRermore, We q,ctre and of the unstructured monomer. Squares and triangles represent

found that thymine-to-uracil (7~ U) and thymine-to-bromo- U6 and U1B7, respectively. Lines of slope 2 are drawn through the data
uracil (T — BFU) substitutions at different positions of the points. Insert Proton spectra ob)6, showing the peaks of the structured
sequence could shift the equilibrium toward a predominant form. form (grey) and the peaks of the unstructured single strand (black), whose

. o . relative intensities are dependent on DNA concentration. Experimental
We tested and combined many such substitutions at different congitions: temperature, 5€; 70 mM KCI; potassium phosphate, 20 mM:
positions to favor one or the other conformations in order to pH 7.

get “clean” NMR spectra for more detailed structural analysis.

Finally, we have chosen two sequences, denbig@dndU1B?7, matography (Figure 2a) and equilibrium NMR titration (Figure

where a single (T6> U6) and double (T1> U1; T7 — B'U7) 2b). Their imino proton spectra are very different (Figures 1

substitutions have been made, respectively. and 3): U6 shows 6 major peaks corresponding to 6 guanine
U6 and U1B7 Form Parallel and Antiparallel Dimeric imino protons of a symmetric dimé#;U1B7 shows 12 peaks

G-Quadruplexes.Imino proton spectra d)6 (Figure 1b) and corresponding to 12 guanine imino protons from two different
of U1B7 (Figure 1c) show sharp peaks at 10B.5 ppm strands (red and green) of an asymmetric ditder.

corresponding to guanine imino protons of G-quadruplex
structures. In each case, there are a set of minor peaks and @2) The number of all (major) peaksl corresponds to 12 residues, indicating

; i ; a symmetric dimer. Major peaks €f1B7 correspond to 24 spin systems.
Se_t of major peaks. The StOIChlomet_ry of 2 for the: maJ_or forms Their equal intensity under different conditions and the observed NOE
(Figure 2; see legend) was determined by gel filtration chro- patterns indicate an asymmetric dimer.

J. AM. CHEM. SOC. = VOL. 125, NO. 49, 2003 15023
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Figure 3. Guanine imino proton spectra of (4)6 and (4) U1B7.
Assignments are indicated over the reference spectra (ref): blue for
U6; red and green for two different strandslitiB7. Imino protons were
assigned in'>N-filtered spectra of samples, 296N,3C-labeled at the
indicated positions. (b, ' Imino proton spectra after 1 day in,D
showing G4 and G10 peaks from the central G-tetrads. Experimental
conditions: strand concentration, 6.3 mM; temperature, 26C; 90 mM

KCI; pH 7.

Figure 3b,b shows two and four slowly exchanging imino
protons in the spectra dfi6 and U1B7, respectively, which
remained after 1 day in J®. They were assigned to the imino
protons of G4 and G10, consistent to their positions in the central
G-tetrad (see below).

The G-tetrad arrangements could be then defined from
NOESY spectra (Figure 4d)an the basis of the specific imino-
H8 connectivity pattern in a G-tetrad (Figure 4b). These
arrangements were further confirmed with guanine-to-inosine
substitutions (Figure S1).

The folding topologies 0tJ6 andU1B7 (Figure 4c,t) were
drawn from G-tetrad arrangemenits formed a parallel dimeric
G-quadruplex with double-chain-reversal loops (Figure 4c), sim-
ilar to the crystal structureAll guanines were anti: no strong
H8—H1' NOE cross-peaks were observed (Figure S2)B7
formed a completely different antiparallel dimeric G-quadruplex
with edgewise loops (Figure 3c Six guanines were anti, and
six guanines were syn: 6 strong HBI1' NOE cross-peaks was
observed (Figure S2). The topologies$ and U1B7 shown
in Figure 4c,t were also supported by NOE cross-peaks ob-
served in other spectral regions such as imimoino, aromatie-
aromatic, and aromatiesugar proton regions (data not shown).

Parallel and Antiparallel G-Quadruplexes Can Coexist in
Solution. We note that the minor form df6 (or U1B7) has

We performed unambiguous resonance assignments usingN\MR features similar to those of the major form @iB7 (or

site-specific low-enrichment labeling approdchor example,

the guanine imino proton of each site-specific labeled residue
was assigned on the basis of its intensity in th-filtered
spectrum (Figure 3d)a The assignments were also indepen-

dently obtained in natural-abundance through-bond correlation

and NOESY experiments (see Materials and Methods).

U6): number of peaks; chemical shift; NOE patterns. In the
case of the natural sequence, both structures could be formed;
however, theU6-like parallel G-quadruplex was predominant
(Figure 1).

To study the interconversion between the two forms, we focus
on the sequenc&/1B7. The proportions of the two forms in

(a) W10 : @)
5/9 11/3 [@11/3 —_
. Te] o] £
75 B0 =
1°0J"4 . 5/9 : el4/4 o -
w5/ &) ° | E
Bl 11/5¢ Wort1.0’ .
9/3 4110 o 1 3/5
g O . -8.0 10/10 _-80
39 ° 3/5
T T T T T T
12 11 THEem) 12 11
() (b) (©)
G5 H
G11 c S TN e A A G11 M — )
e —N&W ""k ) G5| ) :' -.—.:-'-_'f-"‘_es
AG10 G4 G10 —( Ao G100 G4
= A F o R _.,_f:?_--éi—""f;];
Go | G3LA GO| o ola\ G11 G3
- — H /;' ‘o P = Péﬁ__._;:- —
G3 I "~ G5
H |Gp -1
) o
H
(5->11->5->11) (9—>11>3—> 5)
(4—=>10—=>4—>10) (Ga— Gp = G,—>Gy) (10=>4—>4—>10)

(3=>9->3->9)

(11—=3—=>5—=>9)

Figure 4. NOESY spectra (mixing time, 200 ms) of (8)6 and (&4) U1B7 (same conditions as in Figure 1). The imino-H8 cross-peaks are framed and
labeled with the number of imino protons in the first position and that of H8 in the second position. (b) Specific imino-H8 connectivity pattera around
G-tetrad (G-GsG,+Gs) indicated with arrows (connectivity between @nd G, implied). (c, ¢) Schematic structures @6 and U1B7 that satisfy NOE
connectivities shown in parentheses. Violet and yellow represent anti and syn guanines, respectively.
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Figure 5. Proportion of parallel and antiparallel G-quadruplexediBB7
depending on the temperature. (a, b) Imino proton spectra1d7 at
equilibrium at (a) 20°C and (b) 60°C. The parallel form is characterized

by 6 peaks (labeled with “x”); the antiparallel form is characterized by 12
peaks (labeled with “#"). The parallel G-quadruplex is a minor form at 20
°C; the antiparallel G-quadruplex is a minor form at°@D (c) Equilibrium

ratio of antiparallel G-quadruplex to parallel G-quadruplex concentrations
versus temperature. Experimental conditions: strand concentration, 0.7 mM;
90 mM KCI; pH 7.

U1B7 depend on the temperature (Figure 5). The parallel and
antiparallel G-quadruplexes are characterized by 6 imino protons
(labeled with “x”) and 12 imino protons (labeled with “#”),
respectively. The antiparallel form is more favorable at lower
temperatures, whereas the parallel form is more favorable at
higher temperatures. The parallel G-quadruplex, which is a
minor species at 20C (Figure 5a), becomes predominant at
60 °C (Figure 5b). The ratio of antiparallel to parallel equilib-
rium concentrations is plotted as a function of temperature in
Figure 5c. The corresponding enthalpy is 77 kJ/mol.

Kinetics of Folding and Unfolding of Different G-Quad-
ruplexes. It has been suggested that the simpler fold of the
parallel structural models, compared to the antiparallel ones,
would facilitate the folding and unfolding processes of G-quad-
ruplex structures in the telometélVe present in this section
the measurements of folding and unfolding rates for the two
G-quadruplex forms oU1B?7.

(a) Antiparallel G-Quadruplex Folds Faster Than Parallel
G-Quadruplex. To study the folding of different G-quadruplex
forms inU1BY7, the structures were first unfolded by heating at
90 °C for 3 min and the sample was then quickly cooled to a
given temperature (e.g. 2%C). The formation of the two
G-quadruplex forms at 28C was followed by their imino
protons. The initial slope of the buildup curves (Figure 6)
allowed determination of the folding time (see Materials and
Methods).

The folding times obtained at different temperatures were
plotted in Figure 7. The antiparallel G-quadruplex folded slightly
faster than the parallel G-quadruplex. The activation enthalpy
was 138 and 161 kJ/mol for the antiparallel and the parallel
form, respectively.

We note that in our experimental conditions, despite being
not favorable at equilibrium, the parallel G-quadruplex folded
only at a slightly lower rate than the antiparallel one. The former
could exceed its equilibrium concentration at the beginning of
the folding experiment (Figure 6). For example, at°®Dthe
amount of the parallel form was comparable to that of the
antiparallel form afte1 h but became minor after 86 h and at
equilibrium (Figure S3).

- oedl .
> aasasts anti-parallel |
3 o
: 7
S 7
E 7
el
]
: i
il
S
0oonng parallel
o
DDDDDDDDDDDDDDDDE
I L . I
4 4 4 s
4107 610" 810 10
Time (s)

[G-quadruplex] (A.U.)

0 n " " 1 n " n 1 n n n 1 n n n 1 n n n
0 210° 410° 610°
Time (s)

Figure 6. Formation of parallel and antiparallel G-quadruplexet)&B7

in real time. Squares and triangles represent concentrations (in arbitrary
units, au) of parallel and antiparallel G-quadruplexes, respectively, which
were derived from the intensities of imino protons of each form. Plot b is
an expansion of a region of plot a. The initial slopes for buildup curves are
drawn with dashed lines. Experimental conditions: strand concentration,
0.7 mM; temperature, 25C; 90 mM KCI; pH 7.
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Figure 7. Folding time of parallel and antiparallel G-quadruplexetl@B7

as a function of temperature. Squares and triangles represent parallel and
antiparallel G-quadruplexes, respectively. Experimental conditions: strand
concentration, 0.7 mM; 90 mM KCI; pH 7.

(b) Parallel G-Quadruplex Unfolds Faster Than Antipar-
allel G-Quadruplex. Previously, unfolding times of an in-
tramolecular G-quadruplex from a human telomeric fragment
could be determined by measurements of exchange cross-peaks
in NOESY-type experiments at 5&0 °C, conditions where
the structured and unfolded forms were of comparable concen-
trations and exchanged with a time constant of a few sectnds.
Here, in the case a6 and U1B7, no exchange peaks were
observed in NOESY experiments at 8C, even when the
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350 ' ' ' ' ' Figure 9. Unfolding time of parallel and antiparallel G-quadruplexes of

U1B7as a function of temperature. Squares and triangles represent parallel

300 ] and antiparallel G-quadruplex, respectively. Filled and open data represent
__ o250 F 3 measurements by complementary-strand-trap and by concentration-jump
> . ] methods, respectively. Experimental conditions: strand concentratior; 0.04
< 200} —e— Watson-Crick duplex 3 0.4 mM; 70 mM KCI; 20 mM potassium phosphate; pH 7.
§150 —a— anti-parallel G-quadruplex_f
f=

3 Unfolding times were plotted as a function of the temperature
100 —=— parallel G-quadruplex 3 in Figure 9. At temperatures lower than 4G, the parallel
3 G-quadruplex unfolds faster than the antiparallel G-quadruplex.
3 The activation enthalpy was 180 kJ/mol for the antiparallel form,
0 bt - ] slightly higher than for the parallel form (143 kJ/mol).
o w2 1‘; 810° 410 510 To confirm that in the measurements just described the
. 5 M *of unf I(':e (St) ; el and antivarallel addition of the C-strand does not affect the unfolding time of
G’?(;’J;d rupl oxcs o1y b‘)’, cuonmopl i n'gfy ot pgi?] g_a(”a)'pﬁ;?ng G-quadruplexes, we also performed other independent measure-
proton spectra of the mixture at time= 0.1 h andt = 6 h. The ments of G-quadruplex unfolding using the concentration-jump
concentrations of the WatsetCrick duplex and two G-quadruplexes were  method. We diluted quickly (about 100-fold) a concentrated
monitored by imino protons (labeled with circle, triangle, and square, sample and observed how the fraction of the G-quadruplex
respectively). (b) Evolution of concentrations (in arbitrary units, au) of two L . -
G-quadruplexes and Watsefrick duplex as a function of time. The decay Structure§ decreased to reach t.he new equilibrium W'th_ the single
of each G-quadruplex was fitted with a single-exponential curve; the rise Strand (Figure S4). The unfolding time can be determined from
of the Watson-Crick duplex was fitted with a double exponential. the initial rate of the change in concentration of the G-quad-
Er’](sez”Tne&t?(')rc?r:‘g'tc'?gfr;nsétatg?n;‘;?;’a’:g?g?'7%4mTAM}J&r; tgg g"\j”a“d ruplexes (see Materials and Methods). Unfolding times measured
potassium phosphate; pH 7. from 40 to 52°C were plotted in Figure 9. These results were
consistent with the unfolding times measured above by comple-
structured and unfolded forms were of comparable concentra-mentary strand trapping. Data from temperature-jump experi-
tions, suggesting slower unfolding. ments (see Material and Methods) also supported that the parallel
We then measured unfolding timesWdiB7 G-quadruplexes  G-quadruplex unfolded faster than the antiparallel G-quadruplex
in real time. In the first method, we added the excess of the at temperatures below £ (Figure S5).
complementary C-strand into the solution of the G-strand, which
formed G-quadruplex structures. The unfolded fraction of the
G-strand would be trapped by the C-strand into a Watson In this study we demonstrated that the two-repeat human
Crick duplex11The amount of the two G-quadruplex forms telomeric sequence d(TAGGGTTAGGGT) can form both
decayed to zero due to their transitions to the single strand. parallel and antiparallel G-quadruplex structures frdontain-
We could measure the unfolding time of each G-quadruplex ing solution. The two structures can coexist and interconvert in
structure by following guanine imino protons at 1018.5 solution. For the modified1B7 sequence, the antiparallel form
ppm; the newly formed WatsetCrick duplex was also fol- is more favorable at lower temperatures, whereas the parallel
lowed by imino protons at 1314 ppm (Figure 8a). The form is more favorable at higher temperatures. There are several
unfolding time of each G-quadruplex was obtained from a proteins that bind G-quadruplex structures. A protein could
single-exponential fit of the decay (Figure 8b). In contrast to selectively recognize and use one of the two forms for biological
previous studies! where the decay was fitted to double functions in telomeres. It would be also interesting to design
exponential, a single exponential fitted our data perfectly well, drugs that specifically target one form and modulate such
since we could monitor individually each form at high resolu- biological functions.
tion. Under the conditions of our experiment (at millimolar These two G-quadruplex structures have different kinetics
concentration), the hybridization between the two strands was of folding and unfolding. For th&l1B7 sequence, the antiparallel
not the rate-limiting step and the measured unfolding time was G-quadruplex folds faster but unfolds slower than the parallel
independent of the concentration of the C- or G-strands (data G-quadruplex at physiological temperatures. This folding and
not shown). unfolding kinetics could be a factor that determines the relative
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amounts of different G-quadruplex forms in telomeres during Conclusion
the cell cycle. Again, intermolecular interactions of either forms

with proteins and drugs could modulate the rate of telomeric '€ G-fich strand from the human telomere can form both
G-quadruplex folding and unfoldint. parallel and antiparallel G-quadruplex structures irrdéntain-

The four-repeat human telomere d[AGGG(TTAGGGYe- ing solutiqn. They havg different thermodynamic properties and
quence has been found to adopt completely different G-quad-d'ﬁerem kinetics of folding and unfoldlng._ Several G-q_uadruple>_<
ruplex architectures (different looping, strand orientations, and {0P0l0ogies can be present at the same time, and their proportion
glycosidic conformations of guanines) in Naontaining solu- 1S VEry sensitive to the sequence in the loops connecting
tion? and in K*-containing crystal. We have also examined ~ C-Strétches.
the same sequence in*Kontaining solution and observed ¢ iedgment. This research was supported by NIH Grant
multiple forms (unpublished results). The results from this study GM34504
of the two-repeat sequence suggest that both-dédution and '

K*-crystal structures are likely to coexist in*Kontaining Supporting Information Available: Figures S+S5 (H2-H8
solution and could potentially be in equilibrium with additional  and H1-H8 regions of the NOESY spectra confirming G-quad-
forms. ruplex topologies and studies of unfolding kinetics by con-

Questions about differences between crystal and solution centration- and temperature-jump methods). This material is

structures have been asked for the closely related 1.5-repeakyailable free of charge via the Internet at http:/pubs.acs.org.
telomeric sequence dB4G,) from Oxytricha which has been
examined both by X-ray and NMR in different laboratoriés.
Our results suggest that different G-quadruplex topologies may
d!ffer very slightly in stability anq the same.sequence mgy form (13) (a) Fang, G.; Cech, T. iochemistrylo93 32, 11646 11657, (b) Han.
different G-quadruplex topologies under different experimental H.: CIiff, C. L.; Hurley, L. H. Biochemistryl999 38, 6981-6986.

HH H _ 14) (a) Kang, C.; Zhang, X.; Ratliff, R.; Moyzis, R.; Rich, Alature 1992
condmons._ We note that for technical reasons both X-ray and (4 55)6 1269—131. (b) sgmith, F.W; Feigon,yNature1992 356 164-168.
NMR studies often use analogue substitutions such as>(T (c) Horvath, M. P.; Schultz, S. Q. Mol. Biol. 2001, 310, 367—377. (d)

Br, — _ Br s i Haider, S.; Parkinson, G. N.; Neidle, .Mol. Biol. 2002 320, 189-200.
U), (T—=U), (G—¥G), or (G— 1), which may favor one or () Haider, S.; Parkinson, G. N.. Neidle, B.Mal. Biol. 2003 326, 117—
the other conformation. 125.
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