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ABSTRACT. The structure formed by the DNA sequence d(GCGGTGGAT) in a 100 mMdghition has

been determined using molecular dynamics calculations constrained by distance and dihedral restraints
derived from NMR experiments performed at isotopic natural abundance. The sequence folds into a dimer
of dimers. Each symmetry-related half contains two parallel stranded G:G:G:G tetrads flanked by an A:A
mismatch and by four-stranded G:C:G.:C tetrads. Each of the two juxtaposed G:C:G:C tetrads is composed
of alternating antiparallel strands from the two halves of the dimer. For each single strand, a thymine
intersperses a double chain reversal connecting the juxtaposed G:G:G:G tetrads. This architecture has
potential implications in genetic recombination. It suggests a pathway for oligomerization involving
association of quadruplex entities through GpC steps.

Guanine rich segments are found in biologically significant resolve these structures. In general, DNA oligomerization
regions of the genome such as telomerds %) and is essential for driving formation of structural elements that
immunoglobin switch regions3]; they are observed as are involved in a wide variety of biological processés.
tandem repeats in microsatellite DNA, (5), in sequences  uitro, oligomerization is known to be dependent on condi-
associated with human disea$, @t the replication origin  tions experienced in the environment of the particular DNA
of single-stranded bacteriophages and virusgs8j, in sequence28—32). In vivo, DNA is also prone to structural
several transcriptional regulatory regions of important on- polymorphism 83). Biomacromolecules such as nucleic
cogenes, including 84YC, c-MYB, c-FOS and cABL (9), acids, proteins, and polysaccharides together with other
and in other hot spots for genetic recombinatid@)( In soluble and insoluble components occupy-30% of the
solution, these segments can form three-stranded purinecellular volume, and their total concentration is often 400
(purinepirimidine) triplex structures1(1), as well as four- g/L (34, 35). Thus, molecular crowding should be regarded
stranded quadruplex architecture2{14) stabilized by as a factor in determining the structure, stability, and function
G:G:G:G tetrads3, 15—17). Some evidence suggests that of nucleic acids 6—39), and these elements are a function
quadruplexes may function as transcriptional repressor ele-of particular dynamic equilibria within biological systems.

ments (8) and that they may be involved as intermediateés  The concept of the DNA quadruplex originated from the
in recombination 19). Their potential role has also been ,incinle that four guanine bases can align in a plane through
suggested with the recent development of therapeutic strate{njiyidual mismatch formation, involving the Watsefrick
gies designed to stabilize telomeric ends as quadrupleXeqge of one guanine and the Hoogsteen edge of its partner
structures using specific small molecules, which inturn can g.0.nd a G:G:G:G tetradL§). Quadruplexes result from
destabilize telomere maintenance in tumor cel8—25). _ stacking of such tetrad3( 16, 17) planes supported by a
_These observations suggest that quadruplex folds ingcattold of four sugarphosphate backbone columns. The
biologically functionally relevant regions could be subject g4 repertoire was expanded to include G:C:G:C tetrads
to topological equilibrium: equilibriumbetweenfolded aligned through pairing of their WatseiCrick G:C base

quadruplexes and also dynamic equilibrium with duplex as g 510ng with either their majo#Q) or minor 41) groove
well as single-stranded DNA. In fact, interconversion edges.

between double- or single-stranded DNA and quadruplex ,
structure in cells has been suggested to be dependent on H€re we report on the solution structure formed by the
chaperone protein®6), which facilitate quadruplex forma- ~ Sedquence d(GCGGTGGAT) under sodium chloride condi-

tion, as well as on helicase7), which are believed to  10ns. The same fold fails to form in the presence of ¢t
NH,*. The architecture shown schematically in Figure 1a
*To whom correspondence should be addressed. Present alddress([;':.epICtS an unprecedented fOIdI.ng tquIOgy. in which two
MSRB 395, Box 2638, Research Drive, Durham, NC 27710. Phone: Distranded quadruplex monomeric units are linked by forma-
(919) 681-2243. Fax: (919) 668-3925. E-mail: mateus@webbas.org. tion of four-stranded G:C:G:C tetrads. This topology has

10.1021/bi0355185 CCC: $25.00 © 2003 American Chemical Society
Published on Web 11/19/2003




Solution Structure of d(GCGGTGGAT) Biochemistry, Vol. 42, No. 49, 20034357

dR

Ficure 1: (a) Scheme of the folding topology of the four-stranded bimolecular quadruplex formed by the d(GCGGTGGAT) sequence in
0.1 M NaCl at pH 6.7. The backbone tracing of the individual strands is shown with thick lines, and non-guanine bases are depicted in
black. All the guanine bases (in gray) ada@ptti alignments. Pairing alignments for the four-stranded G1:C2:G1:C2 tetrad (b), the two-
stranded G4:G7:G4:G7 tetrad (c), and the A8:A8 mismatch (d) are depicted.

potential implications in genetic recombination. Indeed, the was synthesized using solid phgseyanoethyl phosphor-
simple architecture of this structure suggests a pathway foramidite chemistry (see the Supporting Information). For the
readily folding, and subsequently associating, quadruplex NMR experiments irfH,O solvent, the sample was lyoph-
entities. For example, it can be envisaged that homologousilized and resuspended in 99.996#,0. The final concen-
DNA segments could be enlisted through G:C:G:C tetrad tration of DNA in the sample, calculated from a UV
formation as a first step prior to the onset of strand exchangeabsorbance measurement (at 260 nm), wasmM (~1.5
mediated through a pair of Holliday junction crossover sites. mM per strand). The purity of the sample was assessed by
Furthermore, such G:C:G:C tetrad-containing quadruplex NMR spectroscopy.

structures could also serve as potential blockage sites for MR SpectroscopyAll experiments were performed on
the progress of GpC-containing replication fork&X This varjan UnityInora NMR 500 and 600 MHz spectrometers.
study clearly shows that there are rules to be discovered thalyperiments were performed at a sample concentration of 3
govern the folding and association of guanine rich DNA o 6 mM. The data sets were processed using Varian software
sequences. (VNMR), and the real matrices were transformed to the
FELIX (Accelrys, Inc., San Diego, CA) format on Silicon
MATERIALS AND METHODS Graphics (Mountain View, CA) Octane workstations. As-
Synthesis and Purification of the Oligonucleotide Se- signments were based on homonuclear NOE@$), DQF-
guence.The nonlabeled oligonucleotide d(GCGGTGGAT) COSY @4), and TOCSY 45) and heteronucleatH—3C



14358 Biochemistry, Vol. 42, No. 49, 2003 Webba da Silva

HSQC @6), *H—5N HSQC @7), *H—3P HSQC ¢8), and Distance-Restrained Molecular Dynamics Regularization.
IH—13C JR-HMBC @9) experiments. In‘H,O, data were  Structure calculations were carried out using distance and
acquired with a jump-and-return pulse sequer® at 0 dihedral angle constraints. Calculations were performed
°C and in?H,0, with Watergate suppression of the residual utilizing X-PLOR, version 3.1 %3), using the CHARMmM
water signal 1) at 20°C unless otherwise stated. Data sets force field 64) and adapted for restrained molecular dynam-
were acquired in a phase sensitive mode (TPPI). ics (rMD) for nucleic acids. All calculations were executed
Distance RestraintsA set of five NOESY mixing times in vacuowithout explicit counterions. The distance geometry
(50, 100, 150, 200, and 250 ms) were used for buildup curves@nd simulated annealing refinement protocol started from 300
at 20°C. Distances were estimated from the initial buildup d@fferent structures generated f.rom sets of fogr strands, each
rates of the NOE curves by the two-spin approximatipn nine nucleotides long, randomized over all d|h§dral angles.
= 1e(Ri/Re) 6, wherer; is the distance between protons A number of structures (27 of 300) emerged with the same
andj, rrer is a reference distance, amj and Res are the fold and separated from nonconvergeo_l structures by Ic"_;lrge
initial buildup rates. The interproton distances were estimated 92PS in all components of the potential energy function
using the average of the volume integral of the'+HA2" (dihedral angles, van.der Waals, NOE V|oIat|ons,_ and
cross-peaks as 2.20 A of three chosen residues. Bounds werECValent geometry). This set was subsequently submitted to
kept at+30% and varied widely for overlapping peaks. The Turther refinement as follows.
cross-peaks were picked manually and their volumes inte- Sets of rMD calculations were performed using random
grated using the FELIX (version 2.3) program. Only two Velocities fitting a MaxweH-Boltzmann distribution. The
limiting mixing times (60 and 200 ms) were used to derive empirical energy function was developed for nucleic acids
distance restraints from the exchangeable protons collectecend treated all hydrogens explicitly. It consisted of energy
with a jump-and-return NOESY sequence &0 Distances ~ terms for hydrogen bonding, and nonbonded interactions,
were thought to be 3.8 0.8 A for strong peaks, 4.6 1.2 bonds, bond angles, torsion angles, and tetrahedral and planar

A for medium cross-peaks observed in a 200 ms mixing time geometry, including van der Waals and electrostatic forces.
spectrum, and 5.8 1.8 A for cross-peaks not observed in  The effective function included terms describing distance and

a 60 ms mixing time spectrum. Atoms participating in dihedral restraints, which were in the form of square well

experimentally identified canonical base pairing (based on Potentials §5). Most estimated distances from NOE data

NOE patterns) were restrained with distances corresponding@nalysis were incorporated as ambiguous restraints using the
to ideal hydrogen bond geometr§2). “SUM averaging” option of XPLOR, as they could reflect

intrastrand and/or interstrand contributions. On the basis of
o . . the 4-fold symmetry, noncrystallographic symmetry restraints
of individual HZ and H2' protons was derived from were imposed on all atoms. Planarity restraints were imposed

iﬁg‘:j‘;:éﬂg 2:;25_“22255'% gf ;gemfnéégs gle_cl:rﬁm an dthroughout the computations. The final procedure consisted
P P of a total of 53 ps of rMD, including 7 ps of 14 ps from 300

subsequently corroborated by analysis of a DQF-COSY . .
. to 1000 K, a 20 ps scaleup of restraints at high temperature,
spectrum. DQF-COSY spectral patterns indicated thatH1 14 ps of coolingpto 300 K,pand 12 ps of equiﬁbratiog ‘MD.

H2" coupling constants were reasona,bly Iz?rg@(Hz) for The temperature was controlled by coupling the molecules
residues G1, G3, G4, and G.7' and no'H213 cro.ss-peaks to a temperature bath with a coupling constant of 0.025 ps
were observed for these re'S|dues. Thus, _for residues G1, G3(56). The van der Waals term was approximated using the
G4, and G7, the endocycli{0)—v(4) torsion angles were Lennard-Jones potential energy function, and bond lengths

moderately constrained, leaving the sugar free to take aVinvolving hydrogens were fixed with the SHAKE algorithm
conformation without an energy penalty betweeri-€do (57) during molecular dynamics calculations. NOE and

and Ol-endq including C2-enda Residues C2, T5, G6, A8, dihedral angle restraints, chemical shifts, and structure

and T9 showed strong H2-H3' cross-peaks. Furthermore, . : . .
coordinates have been deposited in the Protein Data Bank
very strong NOEs between the H6/H8 and'H8otons (entry INYD) P

(which persist at lower mixing times) independently establish

an N-type preferential conformation for these residues, and gResyLTS

therefore, loose C3ndoecentered restraints were imposed

on the endocyclia’(0)—»(4) torsion angles. Some dihedral The d(GCGGTGGAT) sequence forms a four-stranded
angles were restrained as discussed in the Results. Theyuadruplex in 0.1 M NaCl with the folding topology shown

Torsion Angle Restraintsnitial stereospecific assignment

dihedral anglea. was restrained to & 140 for G3, G4, schematically in Figure 1a. Experimental evidence in support
and G7;¢ was restrained to & 14C for C2, A8, and G7, of this multistranded architecture is outlined below.

andy was restricted to 6& 40° for residues G3, G4, G6, Exchangeable Proton Assignmerfisgure 2a shows the
G7, and A8. The glycosidic torsion angfewas restricted imino proton spectrum of d(GCGGTGGAT). In the 8.4

to the experimentally observed dispositiorsyn(45 =+ 90°) 12.9 ppm exchangeable proton region, 12 resonances are

for residue T5 andinti (220 & 70°) for all other residues.  clearly identifiable (including two isochronous at 10.4 ppm).
The number of resonances in the 1612.9 ppm imino

L Abbreviations: NOESY, nuclear Overhauser enhancement spec- Proton region coincides with the number of guanines in the
troscopy; TOCSY, total correlation spectroscopy; DQF-COSY, double- Sequence. This suggests the formation of a structure with
quantum filtered correlation spectroscopy; HSQC, heteronuclear single- symmetry-related strands. The identification of guanine imino

quantum coherence; TPPI, time-proportional phase incrementation; ‘],R'protons is corroborated by the detection of their one-bond
HMBC, jump-and-return heteronuclear multiple-bond correlation;

WATERGATE, water suppression by gradient tailored excitation; rMD, COrrelations with attached imind*N, which fall in a
restrained molecular dynamics. characteristic region, 143148.2 ppm, as shown in Figure
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FIGURE 2: (a) Proton NMR spectrum (5-5.3.5 ppm) of d(GCGGTGGAT) in 100 mM NaCl and 2 mM phosphatéHgO at pH 6.7 and

0 °C. The assignments of the imino and amino protons are listed over the resonances. At the top, a variable-temperature plot depicts the
temperature dependence between 0 antC36f the hydrogen bonds securing the tetrads. (b) Aromatic H8 proton to imino proton correlation
(JR-HMBC) spectrum of unlabeled d(GCGGTGGAT) in 100 mM NaCl and 2 mM phosphéke@ at 10°C. This intraresidue correlation

allowed for the identification of the individual guanine exchangeable protons from the assigned nonexchangeable protons. The through-
bond correlation path involves the large-(® Hz) long-range scalar couplings betwééhimino=13C C5 and betweetH H8—13C C5

pairs. The experiment was recorded with spectral widths of 14 kHzand 0.6 kHz int;. A total of 3488 transients per FID with 1792

(t2) x 40 (t;) complex data points were acquired, resulting in the following acquisition timygg;(*H) = 64 ms and;ma(*3C) = 30 ms.

A recycle delay of 1.5 s was used, resulting in a total experimental time of 64 h.

The remaining guanine proton resonates in a region char-
1437 o O acteristic of NH:-O=C hydrogen bond alignment charac-
145 Gg °G4 teristic of Watson-Crick G:C base pair formation associated
147 ] with G:C:G:C tetrad formation.
BN 4 ¢ Analysis of a long-range couplingH—3C JRHMBC
moem) 197 & experiment49) allowed the assignment of the exchangeable
151 imino protons from the assigned nonexchangeable H8
s ] protons of individual guanine residues (see below) (Figure
i 2c). Guanine imino protons were correlated with their
155 - e nonexchageable H8 through intraresidue heteronuclear cou-

plings3Jui-cs (5—9 Hz) and®Jys—cs (~10 Hz) under natural

126241200 me w2 08 104 isotopic abundance. Assignments of amino protons (Figure
"H imino (ppm) 2a) were obtained from their strong NOE connectivities to
FiIGURE 3: Expansion of &H—1N HSQC spectrum recorded in  imino protons.
1Hzo at 0°C. Five hlgh-f|e|d imino-bound>N chemical shifts Nonexchangeab|e Proton Assignmem nonexchange_

appear in a region characteristic of guanines, and only one signalame 1H, 13C, 15N, and®'P resonances of d(GCGGTGGAT)
appears in the region characteristic of thymine imino-botihd ! ' '

sighals. The recorded data set consisted of 11§2aad 90 t;) were assigned using standard methotis 60). Sequential
complex points with 336 transients per FID. Spectral widths of 1.2 assignments were made on the basis of the H6MHIB

KHz (timax= 37.5 ms) and 8 kHzt{m.x= 72.0 ms) were employed.  connectivities and proceeded through analysis of the 50 and
The final two-dimensional matrix consisted of 2048 x 256 250 ms NOESY spectra. These were further substantiated
(wy) points. by sequential analysis of H6/H843 connectivity, by

3. The resonance at 155.3 ppm falls in a region characteristicaromatic-aromatic cross-peaks, and by H6MH82'/H2"

of thymine®N imino resonances and is correlated to a proton connectivities. In a plot of a NOESY spectrum collected with
at 10.4 ppm. A thymine imino proton peak in that region a mixing time of 250 ms, we can trace the sequential
indicates that it is not forming hydrogen bonds in a canonical connectivities between the base and its own drfithiking

A:T base pair. The appearance of resonances in the-10.7 sugar H1 protons along individual strands (Figure 4a).
11.6 ppm region is characteristic of NN hydrogen bond  Except for residue T5, weak intraresidue H8H#1' cross-
alignment associated with G:G:G:G tetrad formatisg £9). peaks were observed, indicating that residuesaate The
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Ficure 4. (a) Expanded NOESY (mixing time of 250 ms) spectrum recordétiid at 20°C correlating the aromatic base proton and
sugar H1for d[(GCGGTGGAT})),. The lines trace the NOE connectivities between the base protons and their ownflamiifg sugar
H1' protons from G1 to T9 in the sequence. Both G1-+86 H1 and G6 H1-G1 H8 cross-peaks are crucial assignments leading to the

identification of the architecture of the quadruplex formed by the d(GCGGTGGAT) sequence insaNsolution. (b}P—H correlation

spectrum of d(GCGGTGGAT) in 100 mM NaCl (pH 6.7) at 20.

T5 H6—T5 HY cross-peak was comparably stronger, indicat- dihedral angley was restrained to 6& 40° for residues

ing thesynnature of its glycosidic torsion angje The initial

G3, G4, G6, G7, and A8. A total of 11 dihedral angles were

assignment of A8 H2 was derived from the typical intraresi- used for rMD calculations.

due A8 H1-A8 H2 and T9 H1-A8 H2 connectivities.
Corroboration of assignments &f resonances followed
analysis of the characteristic chemical shifts of attacfed
Further evidence for sugar H&nd some H4H5'/H5" was

Identification of the Topologyrigure 1b-d depicts the
hydrogen bonding alignments that make up the global
architecture. A pattern of NOEs characteristic of G:G:G:G
tetrad formation is observed in the JR-NOESY (mixing time

gathered through analysis of their magnetization transfersof 200 ms) data set (Figure 5). Both amino and imino protons

to backbone®P (Figure 4b). The latter are also sequentia
in nature: H3i — 1)—P({ — 1)—H4'/H5/H5"(i). The 3P
chemical shifts were used to exclude tinens domain for
both¢ (C3—03—P—-05) anda (O3 —P—05—CS5) torsion
angles 61), since®!P signals resonate in the normal 1 ppm
range; then both thé ando backbone angles are not in the
trans domain. Thus, thex dihedrals for G3, G4, and G7
were restrained to & 14(C°. These are all CZendosugar
puckers. G6 was excluded because of its very downfigid
shift, for which major distortion is expected. The dihedral
angle { was restricted only for the least distorted of the
residues. Thus, residues within 0.3 ppm of “free” phosphat
(P9) were also restricted toD 140°; C2, A8, and G7. Since
the ability to detectdy,—p couplings indicates that in B-helix
DNA v torsion angles are in thgauche domain 62), the

| of G6 show cross-peaks to H8 of G3 (peaks d and q). This
pattern is characteristic of G3:G6:G3:G6 tetrad formation
and defines the directionality of guanine Watsd@rick edge
to Hoogsteen edge alignments for the tetrad. Unfortunately,
the amino protons of G7 and G4 cannot be observed (Figure
2a), possibly because of a more solvent exposed tetrad.
However, there are NOEs between the imino protons of G4
and H8 of G7 (peak g), and also between the imino protons
of G7 and H8 of G4 (peak ). These along with other cross-
peaks were sufficient to characterize G4:G7:G4:G7 tetrad
formation. Another set of NOEs defines the relative

e donor-acceptor hydrogen bond directionalities for the
G1:C2:G1:C2 tetrad. NOEs between H8 of G1 and both C2
H5 (peak not shown) and the amino group of C2 (peak s),
as well as the imino group of G1 and the amino group of
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G4 Th 00D Table 1: NMR Restraints and Structural Statistics for 10 Selected
G1 G|5 (|33 G|? Gr(NHQ} AB(NH2) G2(NH2) Structures for the Dimeric d(GCGGTGGAT) Quadruplex
.""
d ! e\a\ {;':m} no. of NMR restraints
¢ K s total 256
3 o L /P o 7.2 nonexchangeable protcéns 136
1 e / * exchangeable protohs 36
1 t hydrogen bond restraints (empirical) 28
E d_g"-- ¥ - 7.8 deoxyribose pseudorotation restraints 36
! AR T a4 i phosphodiester torsion angle restrdints 11
m 49 glycosidic torsion angle restraifits 9
?;b ard *>j g B4 noncrystallographic symmetry
restraints on all heavy atoms
128 11.2 10.4 9.6 8.8 structural statistics
"H (ppm) NOE rmsd (A), total 0.034: 0.005
NOE violations exceeding 0.2 A 0

Ficure 5: Expanded JR-NOESY spectrum (60 ms) of d(GCG-
GTGGAT) in 100 mM NaCl and 2 mM sodium phosphate buffer
at pH 6.6 in'H,0 at 0°C, exhibiting dipolar connectivities between

rmsds from ideal covalent geometry

bond lengths (A) 0.0083 0.0004

o - . ] bond angles (deg) 3102
imino and aromatic protons. Peakstaare assigned as follows: impropers (deg) 0.43 0.02
() G1 NHE}-C2 H6, (b) G1 NH}-C2 NH,, (c) G6 NH1-C2 H, pairwise rmsd for all heavy atoms (A) 0440.1

(d) G6 NH1-G3 H8, (€) G6 NH1-C2 NH, (f) G4 NH1-A8 H2,
(g) G4 NH1-G7 H8, (h) G4 NH1:-G6 H8, (i) G3 NH1-G6 HS,
() G3 NH1-C2 NH, (k) G7 NH1-A8 H2, (I) G7 NH1-G4 H8,
(m) G7 NH1-G3 H8, (n) G3 NH—A8 H2, (0) G3 NH—G6 HS,
(p) G6 NH,—C2 H6, (q) G6 NH—G3 H8, () A8 NH—A8 H2,
(s) C2 NHb—G1 H8, and (t) C2 NB—C2 H6.

aDistance restraints per strarfdNumber of restraints per strand.

Me—C2 HX, and T5 Me-C2 HZ2'), indicates that the
Watson-Crick edge for this residue points away from the
guadruplex. Furthermore, these contacts place this thymine

C2 (peak b), were detected. These observations verify thedose to the G1:C2:G1:C2 tetrad.
direct alignment of opposing Watse€rick G1:C2 pairs Structural FeaturesAfter molecular dynamics regulariza-
through their major groove edges_ Assignment of the tion, a set of 10 structures eXthItlng pail’\Nise heaVy atom
AB8:A8 mismatch is supported by a number of connectivities, f0ot-mean-square deviation (rmsd) values of Gt40.1 was
including the A8 NH—A8 H2 cross-peak (peak r) observed selected on the basis of the lowest overall energy. The global
both at 200 ms and at 60 ms. This is only possible if the structure of the quadruplex formed by the d(GCGGTGGAT)
cross-peak is an interresidue one with an H-bonding align- S€quence under moderate salt conditions and pH 6.7 (100
ment as in Figure 1d. Concomitantly, only one of the amino MM NaCl and sodium phosphate buffer) consists therefore
protons is hydrogen bound as Suggested by their differenceOf homomultimeric association that results in a bimolecular
in chemical shifts A0 = 2.3 ppm (not shown)]. Further  topology. A stereoview of the selected 10 superpositioned
connectivities were instrumental in describing the dis- refined structures is given in Figure 6a. The input and
position of the adenines. Essentially, the identification of Structure convergence parameters are listed in Table 1.
G1l:C2:G1:C2, G3:G6:G3:G6, and G4:G7:G4:G7 tetrads The right-handed tetrameric quadruplex consists of anti-
establishes that the d(GCGGTGGAT) sequence forms aparallel strands at its four-stranded core, and parallel strands
quadruplex. as part of its two bistranded regions. In the interface of the
Inspection of Figure 1a suggests that nonsequential con-dimer, two four-stranded G1:C2:G1:C2 tetrads stack.
nectivities could be instrumental in establishing the global G:C:G:C tetrad formation involves hydrogen bonding align-
fold. In this context, some NOEs were found to reflect ment of two WatsonCrick G:C base pairs through their
aspects of the stacking between structured elements in themajor groove edges$8) using bifurcated hydrogen bonds.
architecture of the quadruplex. Among others, dipolar G6 Both amino protons of the cytidine residues are hydrogen
H8—G1 HI, G1 H8-G6 H1 (both shown in Figure 2a), bound within the G:C:G:C tetrads. End-to-end stacking of
G1 H8-G6 H8, G6 H8-C2 H6, and G1 H+G6 H1 (not these tetrads constitutes the-5' interface of the dimer of
shown) connectivities place G6 juxtaposed with G1 (Figure dimers. The internal G1:C2:G1:C2 tetrads are flanked by
la). Dipolar G6 HC2 NH2 and G3 HiC2 NH2 G3:G6:G3:G6 tetrads. These tetrads are part of bistranded
connectivities (peaks e and j, respectively, in Figure 5) justify regions of the topology, featuring juxtaposed G6:G3:G6:G3
juxtaposition of G1:C2:G1:C2 and G3:G6:G3:G6 tetrads. and G4:G7:G4:G7 tetrads. Hydrogen bond alignment through
Cross-peaks between the imino protons of guanines indicateWatson-Crick and Hoogsteen edges of these guanines in
stacking involving G3:G6:G3:G6 and G4:G7:G4:G7 tetrads parallel strands results in @&fti):G(anti):G(anti):G(anti)
(not shown). G4 NHEXA8 H2 (f), G7 NH1-A8 H2 (I) cross- alignments. The polarity of the strands results from a double
peaks and in Figure 2a the long-range A8-H24 H1 cross- chain reversal that involves both of these G:G:G:G tetrads.
peak place this adenine stacking with the G4:G7:G4:G7 The thymine (T5) is bracketed by tetrad-forming guanines
tetrad. Juxtaposition of the adenine mismatch with the in the G3pG4T5G6pG7 segment. Nonstandard backbone
G4:G7:G4:G7 tetrad, with G4:G7:G4:G7 and G3:G6:G3:G6 torsion angles are observed for residues participating in the
tetrads, and with G3:G6:G3:G6 and G1:C2:G1:C2 tetrads chain reversals (see Table S1 of the Supporting Information).
indicates the sequential disposition of the planar structured Dihedral angle values are in tlgauché range forf in T5
elements within the quadruplex. The T5 H61 H1 cross- and¢ in G6. Thegauche region is preferential foe in T5
peak in Figure 2a, along with other connectivities involving andg in both G6 and G7. Typical values fgrande in B-,
the methyl group of thymine T5 and sugar protons of G1 A-, and Z-DNA are in theransrange, with the exception
and C2 (not shown, T5 MeG1 H1, T5 Me—G1 H4, T5 of e for which Z-DNA is characteristicallgauche. For G6,
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Ficure 6: (a) Stereoview of a superposition of 10 refined structures of the quadruplex formed by the d(GCGGTGGAT) sequence in a
sodium solution. The individual strands are colored yellow, cyan, green, and red. Protons and the exocyclic phosphate oxygens have been
omitted for clarity. (b) Stick depiction of the backbone of the lowest-energy refined structure of the quadruplex motif. The looping thymine
points its methyl to a G:C:G:C tetrad. (c) Space filling view of a the lowest-energy refined structure. The looping thymine is depicted in
lighter green, and the backbone phosphorus atoms are colored red.

the torsion angle is preferentiallygauche, o is trans and sequential interdigitation of C2ndoand C3-endopuckering
the range of (gauché) is characteristic of Z-DNA. Notable illustrates the accommodation of trends in the collective
backbone features are also the dihedral angleands,g- mechanics in the DNA backbone that result from the double
for C2 ande,g~ for A8. They reflect the extent of backbone chain reversal.
distortions necessary to accommodate the dimer interface The stacking overlap between the A8:A8 mismatch and
G:C:G:C tetrad and the capping A:A mismatch, respectively. the G7:G4:G7:G4 tetrad is shown in Figure 7a. Purines G7
There is apparent order in the context of the position of and A8 in the G7pA8 step stack extensively (while pyrimi-
the chemical shift of'P in view of the double chain reversal dine T9 is not coplanar with either the A8:A8 mismatch or
defined by residues G3G7 (Figure 3b). Thymine T9 is a the G7:G4:G7:G4 tetrad, not shown). The good stacking
terminal residue that is not base-paired. Its phosphorus, P9 pattern for G7:G4:G7:G4 and G6:G3:G6:G3 tetrads is shown
should be one of the least strained phosphates, and thus, itn Figure 7b. There is close to maximum overlap between
appears close to the center of the spectral width covered bythe purine rings within individual GpG steps. The hydrogen
the 3P chemical shifts. Phosphorus chemical shifts for the bond directionalities from WatserCrick to Hoogsteen edges
G3pG4pT5 fragment appear downfield to P9, and those for point in the same direction (Figure 7b). Good stacking is
the G6pG7 fragment are upfield. Furthermore, the closer thealso observed between G6:G3:G6:G3 and G1:C2:G1:C2
phosphates in the backbone are to residues in the chairtetrads (Figure 7c), even though the hydrogen bond direc-
reversal T5 and G6, the more dramatic the downfield or tionalities point in opposite directions. Good stacking is also
upfield shift. This conformational coupling is mediated by observed for G3 and G1 of different strands, and for G6
the shared furanose rings at the step junctions. The twoand C2 of the same strand. The stacking overlap pattern
distinct regions, G3pG4 and G6pG7, are bracketed by between symmetry-related G:C:G:C tetrads across the dimer-
residues with sugar puckers populating preferentially-C3 ic interface is shown in Figure 7d. The Watse@rick and
endo sugar puckers: C2, T5, and A8. Therefore, the major groove edge-aligned G:C:G:C tetrads point in opposite
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Ficure 7: Stacking overlap patterns between nearest-neighbor planar elements in the lowest-energy refined structure of the four-stranded
d(GCGGTGGAT) quadruplex formed in a sodium solution. Overlap geometry (a) between the A8:A8 mismatch and G4:G7:G4:G7 tetrad,
(b) between G4:G7:G4:G7 and G3:G6:G3:G6 tetrads, (c) between G3:G6:G3:G6 and G1:C2:G1:C2 tetrads, and (d) between adjacent G1:
C2:G1:C2 tetrads. All hydrogen atoms and phosphate oxygen atoms in the backbone have been omitted for clarity.

directions (Figure 7d) for these adjacent tetrad motifs. The for C2 and A8. This feature illustrates the extent of the
stacking patterns reflect overwound G1pC2 steps that resultaccommodation of sugar pucker torsions to the backbone in

in a measure of interstrand stacking. the double chain reversal. The stem oligonucleotides are all
in ananti conformation, while the looping thymines agn
DISCUSSION The latter may be a consequence of the effort to optimize

Double repeats of guanines interspersed by two or morethe hydrophobic interactio_ns partia!ly resultant from the
bases have the tendency to fold into dimeric structugds ( Methyl group of the looping thymine, and reflects the
In a 100 mM sodium solution, the d(GCGGTGGAT) Preferential glycosidic torsion angle adopted by nonbonded
sequence forms a 4-fold symmetric bimolecular quadruplex thymines. This is apparent from assessing the water acces-
in which two strands of each monomer associate in a stackedsiPility to the amino protons of the guanines. Depicted in
array comprised of a reversed A:A mismatch, and two Figure 2a are spectra of the exchangeable proton signals in
adjacent G:G:G:G tetrads. The association of two bistrandedthe temperature range of-@0 °C. At 30 °C, the amino
units through 5GpC ends results in the formation of two Protons for G3 and G6 can still be observed, while those for
juxtaposed four-stranded G:C:G:C tetrads. The tetrads in bothG4 and G7 cannot. This indicates that solvent accessibility
quadruplexes have the characteristic square planar arrangeat the G3:G6:G3:G6 tetrad seems to be reasonably impaired
ment found in simple quadruplexes, with base pairing through @s compared to the top tetrad, G4:G7:G4:G7, therefore
their Watsonr-Crick and Hoogsteen edges. Four continuous suggesting the increased hydrophobic charabtesuma the
grooves with the same width span the quadruplex architec-backbone of the four symmetry-related strands assumes an
ture. Figure 6¢ depicts a Connoly view of the global molecule S-shaped configuration and the dimer adopts a compact fold
with the phosphates in red and showing hydrophobic clefts in which both thymines in the nonamer are not base paired.
running from end to end across the molecule. Two of these The A8:A8 mismatch serves a capping function, helping to
are occupied by a pair of looping thymines (Figure 6b). maintain this compact fold. Contributing to the stabilization
Apparently, their presence, or absence, does not induceof this compact topology is the presence of'Nans. lons
groove width variations. These thymines intersperse a doublesuch as K and NH;* did not promote the same fold at
chain reversal connecting the top of one strand with the concentrations of 16400 mM. Attempts were made from
bottom of the other of the juxtaposed G:G:G:G tetrads. The a freshly prepared sample using these ions. Presumably, they
resultant arrangement ensures the integrity of the tetrads,are too large either to coordinate in the plane of the
strand parallelism, and the same groove width within the G:G:G:G tetrads, to stabilize the one-residue loops, or both.
moiety of the G:G:G:G tetrads. Shallow turns occur in the Increasing or decreasing the sodium salt concentration (15
backbone for the G3T5 segment and G6pG7 step. Bracket- 400 mM) did not promote recognition of the sheared edge
ing the double chain reversal are '@&hdosugar puckers  of either the G6:G3:G6:G3 or G7:G4:G7:G4 tetrad by the
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looping thymine probably because of the preferengiah the present architecture in Nabut not in K", suggests
glycosidic angle that nonbound thymines preferentially adopt. possible relevance in DNA signaling mechanisms. The

Comparisons to Known StructureBhe identification of homomultimeric bimolecular dimer formed by the d(GCG-
the double chain reversal loop§5j introduced a novel = GTGGAT) nonamer suggests that quadruplexes can undergo
concept for bridging adjacent parallel aligned €&gments  further oligomerization without rearrangement of their qua-
within a quadruplex. This feature has been recently observeddruplex fold. The simple architecture of this structure
in the structure of quadruplexes adopted by human telomericsuggests a pathway for readily folding, and subsequently
repeats §6). Both d(TAGGGTTAGGGT) and d[AGGG-  associating, quadruplex entities. It suggests that it is possible
(TTAGGG)] sequences form quadruplexes that exhibit to stabilize, even transiently, GpC dangling ends of quadru-
4-fold noncrystallographic pseudosymmetry. In both struc- plex monomeric entities as G:C:G:C tetrads. This mechanism
tures, three residues (TTA) are the looping appendages. Themight account for the blockage of the fragile X locus
example of double chain reversal presented here was firstobserved experimentally$), since the phase of the d(CGG)
reported within the folding topology of the unimolecular fragile X syndrome triplet repeat can be either CGG, GGC,
quadruplex formed by th&etrahymenal(TTGGGG) telo- or GCG. The hypothesis that quadruplex types of structures
meric sequence and involved the GGTTGG segméBL (  are intermediates in recombination would suggest the pos-
In all these telomeric sequences, the thymines loop out andsibility of such facile folding and quadruplex entity inter-
do not recognize the sheared edge of the guanines in theaction. This is also of consequence in the design and
quadruplex. Their positioning in a quadruplex groove serves engineering of folds comprised of short sequences containing
a steric blockage function for recognition of the sheared edgeCpG dinucleotides in appropriate sequential contexts for
of the guanine part of the tetrads. They also provide a specific delivery to particular biological targetg6—78).
recognition function since the Watse@rick edge for all It therefore would appear to be crucial that an understand-
looping residues is thus available for recognition. Loops may ing of specific motif stabilization at the molecular level
thus serve as attractive targets for small molecules and othefrequires reasonably detailed structures in a variety of
nucleic acid segments. This concept is recognized from thecontexts. Structural studies of this type are fundamental for
fact that thrombin is known to target the loop segments ratheran understanding of the possible topologies, recognition
than the quadruplex scaffold of the thrombin binding DNA  elements, and concerted structural mechanics that are at the
aptamer §7). It is consequently apparent that selective basis of DNA polymorphism and association, with relevance
targeting of loops in quadruplex folds will benefit from a in a varied array of functions in biological systems.
better understanding of the diversity and knowledge of
structural details of such higher-order architectures. ACKNOWLEDGMENT
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