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ABSTRACT: A template-based approach was used to design unprecedented architectural motifs into a known
DNA framework. The structure formed by the sequence d(GCGGTTGGAT) in 0.1 M Na+ solution has
been determined using molecular dynamics simulations constrained by distance and dihedral restraints
derived from NMR experiments. The molecular topology has been previously observed for the sequence
d(GCGGTGGAT) (Webba da Silva, M. (2003)Biochemistry 42, 14356-65). Insertion of a single thymine
into the double chain reversal formed by the segment GGTGG results in the unprecedented experimental
demonstration of a T:(G:G:G:G):T hexad. The bi-stranded hexad results from the pairing alignment of
two G(T-G) triads. Each triad results from recognition of the sheared edge of a guanine by the Watson-
Crick edge of a thymine of the segment GGTTGG. The alignment is stabilized by base-stacking of the
thymine to the sugar pucker of the preceding thymine. The latter is involved in formation of the T:A:A:T
tetrad alignment by forming a hydrogen bond with the free amino proton of a Watson-Crick aligned
A:A mispair. We have thus established that residues in double chain reversal loops linking juxtaposed
tetrads of a quadruplex stem may facilitate formation of yet unknown hydrogen bond alignments. By
employing a systematic approach analysis of sequence motifs appearing in double chain reversals, bridging
tetrad layers should allow for the prediction of topologies and architectural motifs appearing in biologically
relevant genomic regions.

Control of the structure of matter on the molecular scale,
in nature or nonbiological systems, requires the successful
modulation of an array of architectural motifs based on inter-
and/or intramolecular interactions. This has relevance in the
discovery of principles for the design of new materials as
well as uncovering the nature and stability of biologically
relevant structural motifs. Some important genomic regions
such as the immunoglobin switch region, telomeres, and
some gene-promoter regions are believed to have the pro-
pensity to fold into DNA higher order architectures such as
triplexes and quadruplexes. The formation of these archi-
tectures is affected by a variety of factors that depend pri-
marily on hydrogen bond complementarity of bases, metal
ion coordination, and equilibria but also on the nature of
flanking sequences, the transcriptional activity of the region,
the rate of replication through it, and the absence or presence
of cofactors such as polyamines, crowding, and DNA pack-
aging effects. In quadruplexes, the folding topologies are
critically dependent on the type of loops and turns linking
individual strands forming part of the stem structure. The
type of loop is defined, among other factors, by how many
pseudo-planar elements (layers) it spans, the number and
nature of its residues, and the residue sequential context.
These matters are interdependent with the glycosidic bond
angle of the bases forming the tetrads in the quadruplex stem.
Accordingly, the distribution of syn/anti glycosidic bond
angles for (G:G:G:G) tetrads is dependent on the strand

directionalities defining the stem of the topology. Thus,
(anti):(syn):(anti):(syn) is characterized by adjacent antipar-
allel strands (1), (anti):(anti):(syn):(syn) appears when each
strand has both a parallel and an antiparallel neighbor (2),
and all-anti is usually characteristic of alignment of parallel
stranded quadruplexes (3). Because of loop versatility, the
G-tetrad motif has served as the basis for the development
of a variety of pseudo-planar elements that includes pentads
(4), hexads (5), and heptads (6) within quadruplex topologies.
These motifs result from double chain reversals bridging con-
tiguous tetrads spanning GGAGG segments. In them, the
Hoogsteen edge of the adenine recognizes the sheared edge
of a guanine of the quadruplex stem resulting in a single
stranded G(A-G) triad bearing a typical A(anti) glycosidic
bond angle.

Since the identification of new pairing alignments gener-
ally involves screening a large number of sequences, here
we have used a template-based approach to design novel
architectural elements into an existing DNA framework. We
describe the structure formed by the sequence d(GCGGT-
TGGAT) in 0.1 M NaCl. Its molecular topology, pictured
schematically in Figure 1a, has been first described for the
related sequence d(GCGGTGGAT) in the same solution
conditions (7) (Figure 1b). However, in contrast to looping
thymines in GGTGG segments, the current structure exhibits
both unprecedented T:(G:G:G:G):T hexad and T:A:A:T
tetrad hydrogen bond alignments resultant from double chain
reversals spanning contiguous tetrads in GGTTGG segments.
These are shown schematically in Figure 1d,f. The stabiliza-
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FIGURE 1: Scheme of the folding topology of the four-stranded bimolecular quadruplex formed by the sequence d(GCGGTTGGAT) (a)
and d(GCGGTGGAT) (b) in 0.1 M NaCl at pH 6.8. The backbone tracing of the individual strands is shown by thick lines. All the
quadruplex-stem bases adopt anti alignments in both topologies. Hydrogen bond pairing alignments for the pseudo-planar elements formed
by the sequence d(GCGGTTGGAT) are depicted: (c) the four-stranded G1:C2:G1:C2 tetrad, (d) the two-stranded T6:(G3:G7:G3:G7):T6
hexad, (e) the two-stranded T5:A9:A9:T9 tetrad (d), and (e) the T10/T10 platform.
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tion of looping residues in both GGTGG and GGTTGG
provides insights into the formation and stabilization of
double chain reversals in quadruplexes. The systematic
approach thus permits the identification of structural prin-
ciples that are associated with a rational based design of DNA
topologies and architectural motifs. Such principles are
fundamental to the prediction of topologies present in
biologically significant regions. For instance, they may serve
as the basis for predicting genetic instability (8) and
consequently open possibilities for therapeutic intervention.

MATERIALS AND METHODS

Synthesis and Purification of Oligonucleotide Sequences.
The nucleoside phosphoramidites and universal support CPG
(controlled pore glass) were purchased from Glen Research
(Sterling, VA). The nonlabeled oligonucleotide d(GCGGT-
TGGAT) was synthesized on a 10µM scale on an Applied
Biosystems model 392 RNA/DNA synthesizer in a DMT-
ON cycle using solid phaseâ-cyanoethyl phosphoramidite
solid-phase chemistry. The 5′-dimethoxytrityl (DMT) oli-
gonucleotides were cleaved from the solid support, and the
base-protecting groups were removed using concentrated
ammonium hydroxide for 16 h at 55°C. The full-length 5′-
DMT-protected oligonucleotide was separated from failure
sequences by reverse-phase high performance liquid chro-
matography (HPLC) on a C4 column (Rainin Instrument Co.)
using a linear gradient of 2%/min of acetonitrile in 10 mM
triethylammonium acetate (pH 6.8). The product was frozen
at -80 °C, and the acetonitrile evaporated under vacuum.
The 5′DMT group was then removed following treatment
with 80% (v/v) acetic acid for 30 min. The detritylated
products were extracted from the aqueous phase after
addition of diethyl ether and chromatographed a second time
with a linear gradient of 5%/min. The eluent containing the
pure oligonucleotide was lyophilized and subsequently
dialyzed several times alternatively against water and 100
mM NaCl and 2 mM sodium phosphate (pH 6.7). Two
samples with uracil for thymine substitutions were also
prepared. For each, a thymine of the GGTTGG segment was
substituted with uracil resulting in the sequences 5′-GCG-
GUTGGAT-3′ and 5′-GCGGTUGGAT-3′. For these two
samples, the cleavage from the solid support included milder
conditions suggested by Glen Research. A 100%15N
enriched phosphoramidite was purchased from Martek and
diluted to 1% with unlabeled base. This solution was used
to prepare a sample with 1%15N-labeled at position G4 by
synthesis at a 2µmol scale and purified in the manner
described previously. The final concentration of DNA in the
samples, calculated from a UV absorbance measurement (at
260 nm), ranged from 1.0 to 1.5 mM per strand. The purity
of all samples was assessed by NMR spectroscopy.

NMR Spectroscopy. Experiments were performed on
Varian Unity Inova 600 MHz NMR spectrometers. The data
sets were processed using Varian software (VNMR), and the
real matrixes were transformed to the FELIX (Accelrys, Inc.,
San Diego, CA) format on Silicon Graphics (Mountain View,
CA) Octane workstations. Assignments were based on
standard homonuclear NOESY1 (9), DQF-COSY (10),
TOCSY (11), and heteronuclear (1H-13C)HSQC (12), (1H-
15N)HSQC (13), and (1H-31P)HSQC (14) experiments. In
1H2O, data were acquired with a jump-and-return pulse

sequence (15) in 2H2O at 0, 10, and 20°C, with Watergate
suppression of the residual water signal (16) at 20°C.

Distance and Torsion Restraints. A set of five NOESY
mixing times, 50, 100, 150, 200, and 250 ms, was used for
build-up curves at 20°C, with distances estimated from the
initial build-up rates of the NOE curves. The interproton
distances were estimated using the average of the volume
integral of the H1′ to H2′′ cross-peaks as 2.20 Å of three
chosen residues. Bounds were kept at(30% and varied
widely for overlapping peaks. The cross-peaks were picked
manually, and their volumes were integrated using the FELIX
(v 2.3) program. Two mixing times (60 and 200 ms) were
used to derive distance restraints from the exchangeable
protons collected with a jump-and-return NOESY pulse
sequence at 0°C. Distances were considered 3.0 ((0.8) Å
for strong peaks, 4.0 ((1.2) Å for medium cross-peaks
observed in a 200 ms mixing time spectrum, and 5.0 ((1.8)
Å for cross-peaks not observed in a 60 ms mixing time
spectrum. Atoms participating in base pairing, as determined
based on NOE patterns, were restrained with distances
corresponding to ideal hydrogen bond geometry (17) (i.e.,
(G4:G8:G4:G8), (G1:C2:G1:C2:G1), T6:(G3:G7:G3:G7):T6,
and A9:A9 shown schematically in Figure 1c-f). Initial
stereospecific assignment of individual H2′ and H2′′ protons
was derived from comparison of intensity of the H1′:H2′
and H1′:H2′′ intraresidue cross-peaks in a 50 ms NOESY
spectrum and subsequently corroborated by analysis of a
DQF-COSY spectrum. A total of 11 dihedral angles per
strand were restrained during rMD simulations following
analysis of magnetization transfers from sugar pucker protons
to backbone31P as discussed in the Results. The dihedral
angleâ was restrained to the trans conformation (180( 30°)
for C2, G4, T5, G7, and A9. The dihedral angleε was
restrained to a combination of trans and gauche(-) confor-
mations (-120 ( 55°) for residues G1, G4, T5, T6, G7,
and G8. The glycosidic torsion angleø was restricted to the
experimentally observed conformations: syn (45( 90°) for
residue T5 and anti (220( 70°) for all other residues.

Distance Restrained Molecular Dynamics Regularization.
Structure calculations were carried out using distance and
dihedral angle constraints. Calculations were performed with
XPLOR version 3.1 (18) and XPLOR-NIH (19) using the
CHARMm force field (20) and adapted for restrained
molecular dynamics (rMD) for nucleic acids. All calculations
were executed in vacuo without explicit counterions. The
initial distance geometry and simulated annealing refinement
protocol started from 300 different structures generated from
sets of four strands, each 10 nucleotides long, randomized
over all dihedral angles. A number of structures (12 out of
300) emerged separated from nonconverged structures by
gaps in components of the potential energy function (dihedral
angles, van der Waals, NOE violations, and covalent
geometry). This set was subsequently submitted to sets of
rMD calculations performed using random velocities fitting
a Maxwell-Boltzmann distribution following a protocol
described previously (7). On the basis of the 4-fold sym-

1 Abbreviations: NOESY, nuclear Overhauser enhancement spec-
troscopy; TOCSY, total correlation spectroscopy; DQF-COSY, double
quantum filtered correlation spectroscopy; HSQC, heteronuclear sin-
gle quantum coherence; TPPI, time proportional phase increment;
WATERGATE, water suppression by gradient tailored excitation; rMD,
restrained molecular dynamics.
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metry, noncrystallographic symmetry restraints were im-
posed on all atoms. Weak planarity restraints were also
imposed for the pseudo-planar elements (G4:G8:G4:G8),
(G1:C2:G1:C2:G1), T6:(G3:G7:G3:G7):T6, and A9:A9
throughout the computations. Coordinates (PDB ID: 1XCE)
have been deposited in the PDB data bank.

RESULTS

The d(GCGGTTGGAT) sequence folds into a four-
stranded quadruplex with the topology and hydrogen bond
alignments shown schematically in Figure 1a,c-f. Proton
resonance assignments, folding topology, and high-resolution
structure were determined using a combination of through-
bond and -space NMR experiments. The process was aided
by a number of resonance assignments that were similar to
those of the sequence d(GCGGTGGAT) determined at the
same pH and salt conditions (7). Nevertheless, experimental
evidence in support of this multistranded architecture is
detailed next.

Nonexchangeable Proton Resonance Assignments. Non-
exchangeable1H, 13C, 31P resonances of d(GCGGTGGAT)
were assigned using standard methods (13, 21). Sequential
assignments were made on the basis of the H6/H8-H1′
connectivities and proceeded through analysis of the 50 and
250 ms NOESY spectra. These were corroborated by
sequential analysis in H6/H8-H3′, by aromatic-aromatic
cross-peaks, and in H6/H8-H2′/H2′′ connectivities. In Figure
4a, a plot of a NOESY collected with mixing time of 250
ms is shown. The sequential connectivities between the base
and its own and 5′-flanking sugar H1′ protons along
individual strands can be traced with a couple of interruptions
related to one residue. An interruption in the step T5pT6
denoted by lack of the expected intrastrand T6H6-T5H1′
cross-peak, with an associated very strong T6H6-T6H1′
indicates that the glycosidic torsion angleø for T6 is syn, or
close to it. In fact, the C1′-H1′ bond may be expected to
be close to perpendicular to the base-plane because the cross-
peak G7H8-T6H1′ is also faint, and the sequential cross-
peaks T5H6-T6H6, T5H6-T6H5, and T5H5-T6H6 are not
observed even at 250 ms. This is indicative of a distance
over 5.1 Å between T6H1′ and either G7H8 and T5H6.

The initial assignment of A8H2 was initially derived from
the typical intraresidue A9H1′-A9H2 and observation of
T9H1′-A8H2 connectivities (Figure 4a). Corroboration of
assignments of1H resonances followed analysis of the
characteristic chemical shifts of attached13C. Further evi-
dence for assignment of sugar H3′ and some H4′/H5′/H5′′
was achieved through analysis of their magnetization trans-
fers to backbone31P, which are also sequential in nature:
H3′(i-1)-P(i-1)-H4′/H5′/H5′′(i) (Figure 4b). Dihedral angle
constraints were derived from some of the heteronuclear
couplings (13, 22). Absence of3JH5′/5′′-P in this spectrum
represents a coupling constant magnitude smaller than 5 Hz;
thus, â was loosely constrained to the trans conformation
(180( 30°) for C2, G4, T5, G7, and A9. Furthermore, since
3JH3′-P is clearly observable (>5 Hz coupling constant) for
residues G1, G4, T5, T6, G7, and G8ε and can be both
trans and gauche(-), these residues were restrained to-120
( 55°. Because cross-peaks for residues C2 and A9 were
somewhat weaker, they were not constrained.

Hydrogen Bond Alignments and Topology. By modifying
the sequence d(GCGGTGGAT) with addition of thymine T6,

it was expected that the topological architecture would be
maintained. Indeed, peaks 1 (G7H8-G1H1′), 2 (G7H8-
G1H8), 4 (C2H6-G1H8), and 5 (G1H8-G7H1′) in Figure
4a are a signature feature for the expected topological
architecture (7) indicating the nature of the dimeric interface.
In Figure 2, the imino proton spectrum of d(GCGGTTG-
GAT) sequence in 100 mM NaCl, pH 6.8 at 0°C is shown.
In the 8.4-12.9 ppm exchangeable proton region, 12
resonances are identifiable (including isochronous signals at
∼11.2 ppm). The number of sharp resonances in the 10.0-
12.9 ppm imino proton region coincides with the sum of
guanines and thymines in the sequence, thus suggesting the
formation of a structure with symmetry related strands. The
isochronous signals split at higher temperatures, as observed
from Figure 2a, for which some of the proton dipolar
interactions for these signals are no longer observable at both
200 or 60 ms mixing times. Their appearance at∼11.2 ppm
indicates possible participation in hydrogen bond formation
since unpaired TH3 protons typically appear at approximately
10 ppm. The identification of guanine imino protons is
corroborated by the detection of their one-bond correlations
with attached imino15N, which fall in a characteristic region,
143-149 ppm (Figure 2b). The guanine imino G4H1 was
distinguished from other resonances from its intensity due
to the fact that the sample was 1%15N-labeled site specif-
ically. The resonance at∼157 ppm falls in a region
characteristic for thymine15N imino resonances and is
correlated to a proton at 10.3 ppm. A thymine imino proton

FIGURE 2: (a) Proton NMR spectrum (8.0-13.5 ppm) of d(GCG-
GTTGGAT) in 100 mM NaCl, 5 mM phosphate,1H2O, at pH 6.8
and 0°C. Expansions of the exchangeable region at 10 and 20°C
are also shown on top. The assignments of the imino and amino
protons are listed over the resonances at 0°C. (b) An [1H,15N]
HSQC spectrum recorded in1H2O at 10°C. Five high field imino-
bound 15N chemical shifts appear in a region characteristic of
guanine imino, and only one signal appears in the region charac-
teristic for thymine imino. The stronger peak for G4 is due to the
fact that15N for this residue was enriched by 1%.
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peak in that region indicates that possibly it is not forming
hydrogen bonds in a canonical A:T base-pair. The fact that
both T6H3 and T5H3 do not appear in this spectrum implies
that the one bond coupling1JH-N is significantly different
from 90 Hz (2.78 ms was used for the one bond coherence
transfer), or that their chemical shifts are significantly
downfield shifted since the15N carrier was set to∼150 ppm,
or both. Both are also suggestive of hydrogen bond forma-
tion for these residues. The appearance of resonances in the
10.7-11.6 ppm region is characteristic of N-H:N hydrogen
bond alignment associated with G:G:G:G tetrad formation
(2, 23). The remaining guanine proton resonates in a region
characteristic of N-H:OdC hydrogen bond alignment
characteristic of Watson-Crick G:C pair formation associ-
ated with G:C:G:C tetrad formation. Assignment of amino
protons observed in Figure 2a followed from their strong
NOE connectivities to imino and aromatic protons.

Figure 1c-f depicts the hydrogen-bonding alignments that
make up the global architecture. Patterns of NOEs charac-
teristic for the formation of each of the pseudo-planar
elements were observed in the JR-NOESY (60 and 200
ms mixing times) data sets. The G1:C2:G1:C2 tetrad is
characterized by cross-peak G1H1-C2H41/H42 (5 in Fig-
ure 3) and the associated observation of a strong G1H8-
C2H5 cross-peak, thus indicating G:C pairing through the
Hoogsteen edge of guanine. These observations verify the
direct alignment of opposing Watson-Crick G1:C2 pairs
through their major groove edges. The directionality of the
G3:G7:G3:G7 tetrad formation is given by the observation
of cross-peaks of amino and imino of G3 to H8 of G8 (peaks
8 and 41 in Figure 3), and correspondingly, amino and imino
of G8 to H8 of G3 (peaks 13 and 43). The observation of
cross-peaks between the imino of T6 and G3H22 and G3H21
(peaks 16 and 21, respectively) are indicative of the
possibility for hydrogen bond formation through the minor
groove edge of G3 as shown schematically in Figure 1d.
The relative positioning and alignment of T6 are further
corroborated by cross-peaks T6H3-G7H8 (peak 20) and
T6H3-G1H1′ (peak 17), which show that the Watson-Crick
edge of T6 points toward the quadruplex stem. Superposition
of G1:C2:G1:C2 tetrad and T6:(G3:G7:G3:G7):T6 hexad is
further indicated by a number of cross-peaks in the JR-
NOESY at 200 ms in Figure 3 (peaks 7, 9, 12, 14, 40) and
NOESY at 250 ms in Figure 4a (peaks 1, 2, 4, 5).

In Figure 3, both imino and amino protons of G4 show
cross-peaks to H8 of G8 (peaks 25 and 46, respectively),
and the imino proton of G8 shows cross-peaks to H8 of G4
(peak 31). These along with other cross-peaks were sufficient
to characterize G4:G8:G4:G8 tetrad formation since cross-
peaks for the amino of G8 is not observed due to a fast
exchange regime for G8NH2 for both 200 (Figure 2) and
60 ms mixing times. At the lower mixing time, a cross-peak
connecting the amino of G8 is observed (not shown). Because
of a more solvent exposed tetrad, much broader signals are
observed for both the amino of G4 and the amino of G8,
as seen in Figure 2. The stacking of G4:G8:G4:G8 and
T6:(G3:G7:G3:G7):T6 is indicated by some cross-peaks
appearing in Figure 3 (peaks 24, 27, 33, 35, 45). It is
noteworthy that for both uracil substituted sequences, the
T:(G:G:G:G):T hexad hydrogen bond alignment does not
succeed even though there are indications that the topological
architecture is maintained. The assignments of cross-peaks

for the isochronous imino of T5 and T6 were done from
cross-peaks observed in JR-NOESY (200 ms) at 10°C.
They were further aided by analysis of the same experiment
under the same conditions for samples in which T5 and T6
were substituted for uracil- d(GCGGUTGGAT) and d(GCG-
GTUGGAT), respectively. In both cases, the topological
architecture is maintained, but not all hydrogen bond
alignments are maintained. The substitution of T6 for uracil
forms the same topological fold with the distinction that the
U6 imino resonance is not observable. Instead, T5 forms
contacts to A9 (T5H3-A9H2, T5H3-A9H1′, Supporting
Information, NOESY 200 ms) as observed for T5 in the
unsubstituted sequence. By T5 being substituted for uracil,
both exchangeable protons (T6H3 and U5H3) are not
observable in 200 ms 11-NOESY at 0°C.

Assignment of the A9:A9 mismatch is principally sup-
ported by the observation of cross-peaks of the amino to
A9H2 (peak 48 is shown in Figure 3). This is only possible
if the cross-peak is an interresidue, thus reflecting a Watson-
Crick edge mismatch; see, for example, Figure 1d. The
difference in chemical shifts between the amino protons also
suggests that only one of the amino is bounds∆δ 2.3 ppm

FIGURE 3: Expanded JR-NOESY spectrum (200 ms) of d(GCG-
GTTGGAT) in 100 mM NaCl, 5 mM sodium phosphate buffer at
pH 6.8 in1H2O at 0°C, exhibiting dipolar connectivities between
imino and aromatic protons. Peaks 1-50 are assigned as follows:
(1) G1H1-G1H22, (2) G1H1-G1H8, (3) G1H1-C2H6, (4)
G1H1-G1H21, (5) G1H1-C2H41/42, (6) G7H1-G7H22, (7)
G7H1-C2H6, (8) G7H1-G3H8, (9) G7H1-C2H41/42, (10)
G7H1-G7H21, (11) G3H1-G3H22, (12) G3H1-G1H8, (13)
G3H1-G7H8, (14) G3H1-C2H41/42, (15) G3H1-G3H21, (16)
T6H3-G3H22, (17) T6H3-G1H1′, (18) T5H3-A9H1′, (19)
T5H3-A9H2, (20) T6H3-G7H8, (21) T6H3-G3H21, (22) G4H1-
G4H22, (23) G4H1-A9H2, (24) G4H1-G7H8, (25) G4H1-G8H8,
(26) G4H1-G4H21, (27) G4H1-G3H21, (28) G8H1-G8H22, (29)
G8H1-A9H1′, (30) G8H1-A9H62, (31) G8H1-G4H8, (32)
G8H1-A9H2, (33) G8H1-G3H8, (34) G8H1-G8H21, (35)
G8H1-G7H21, (36) T10H3-A9H62, (37) T10H3-A9H2, (38)
T10H3-A9H61, (39) G7H21-G7H22, (40) G7H21-C2H6, (41)
G7H21-G3H8, (42) G3H21-G3H22, (43) G3H21-G7H8, (44)
G4H21-G4H22, (45) G4H21-G7H8, (46) G4H21-G8H8, (47)
A9H61-A9H62, (48) A9H61-A9H2, (49) C2H41-G1H8, (50)
C2NH41-C2H6, and (51) C2H41-C2H42.

3758 Biochemistry, Vol. 44, No. 10, 2005 Webba da Silva



(cross-peak 47), which is precisely the same magnitude as
for the A:A mismatch in the d(GCGGTGGAT) sequence.
However, in contrast to the structure formed by the sequence
d(GCGGTGGAT), here we observe juxtaposition of T10 and
A9. This is illustrated by cross-peaks T10H3-A9H62 (peak
36), T10H3-A9H2 (peak 37), and T10H3-A9H61 (peak
38). These cross-peaks are also illustrative of the relative
disposition and orientation of the Watson-Crick edge for
both T10 residues and reflect a possible T10/T10 platform.
The stacking of T10 and A9 is corroborated by the lack of
cross-peaks between T10 and any of the residues of the G4:
G8:G4:G8 tetrad in the range of mixing times measured in
NOESY experiments in1H2O. Because the chemical shift
of T10H3 appears in a chemical shift region that is
characteristic for free (nonbase paired) thymines, no empiri-
cal hydrogen bonding restraints or planarities were imposed
during structure calculations. The disposition of thymine T10
appears to be influenced by the looping residue T5, as
suggested by numerous cross-peaks (for example, T5H6-
T10H1′, peak 3 in Figure 4a). The relative disposition of
thymine T5 is further illustrated by cross-peaks T5H3-
A9H1′ (peak 18 in Figure 3) and T5H3-A9H2 (peak 19 in
Figure 3). This positions the Watson-Crick edge of T5
pointing toward the major groove side of the backbone region
of the step G8pA9 and suggests the possibility of hydrogen
bond stabilization through hydrogen bond acceptors of the
sugar puckers or backbone.

Structural Features. The applied constraints and struc-
tural statistics for the seven final structures are summarized
in Table 1. The root-mean-square deviations (rmsd) versus
the mean structure for all heavy atoms were 0.9( 0.2 Å.
Figure 5a shows a stereoview of the superposition of the
seven final structures. A representative structure with the
lowest energy is depicted with a trace of the backbone main
chain in Figure 5b. Shallow turns for the double chain
reversal are apparent. In Figure 5c, a view from the top for

FIGURE 4: (a) Expanded NOESY (250 ms mixing time) spectrum recorded in2H2O at 20°C correlating the aromatic base proton and sugar
H1′ for d[(GCGGTTGGAT)2]2. The line traces the NOE connectivities between the base protons and their own and 5′-flanking sugar H1′
protons from G1 to T10 in the sequence. The interruptions in the steps T5pT6 and T6pG7 denoted by weak cross-peaks T5H1′-T6H6 and
T6H1′-G7H8, respectively, with the concomitant very strong cross-peak T6H6-T6H1′, indicate a syn glycosidic bond angle with the
C1′-H1′ bond close to perpendicular to the base-plane. Cross-peaks G7H8-G1H1′ (peak 1), G1H8-G7H8 (peak 2), G1H8-G7H1′ (peak
5), and C2H6-G1H8 (peak 4) are crucial assignments leading to the identification of the architecture of the quadruplex formed by the
sequence d(GCGGTTGGAT) in Na+ salt solution. Cross-peak T5H6-T10H1′ (peak 3) indicates the relative positioning of the looping
residue T5. (b) A [31P-1H] correlation spectrum of d(GCGGTTGGAT) in 100 mM NaCl (pH 6.8) at 20°C showing assignments that
allowed for the derivation of angular constraints.

Table 1: NMR Restraints and Structural Statistics for Seven
Selected Structures for the Dimeric d(GCGGTTGGAT) Quadruplex

NMR Restraints
total number of restraints 339
nonexchangeable protons 202
exchangeable protons 68
hydrogen bond restraints (empirical) 48
phosphodiester torsion angle restraintsa 11
glycosidic torsion angle restraintsa 10
noncrystallographic symmetry restraints on all heavy atoms

Structural Statistics
NOE rmsd (Å) total 0.022( 0.008
NOE violations exceeding 0.2 Å 0
deviations from ideal covalent geometry, rmsd
bond lengths (Å) 0.016( 0.001
gond angles (deg) 4.45( 0.03
impropers (deg) 0.49( 0.04
pairwise all heavy atoms rmsd (Å) 0.9( 0.2
a Number of restraints per strand.
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the seven final structures is depicted with a trace of the
backbone main chain for the lowest energy structure. From
the top view, the hexad motif modulates widening of the
otherwise circular quadruplex toroid toward a rectangular
shape. This shape is due to the hexad alignment. The
alignment of two G3(T6-G7) triads into a hexad pseudo-
planar element is shown in Figure 6a,b. The recognition of
the sheared edge of G3 by the Watson-Crick edge of
T6 is apparent. This feature results from the single-stranded
double chain reversal within the segment GGTTGG
(G3-G8) as depicted in Figure 6b. Notably, the chemical
shifts for T5 and G6 in the double chain reversal deviate by
more than 1 ppm from normal backbone angles (e.g., in
comparison to the terminal G1). Accordingly, for both
residues, the dihedral angleú is trans even though it was
not restrained during simulations. In Figure 6a, the stacking
of T5:(G3:G7:G3:G7):T5, G4:G8:G4:G8, and T5 is depicted.
It shows that the hexad base T6 is stacked to the deoxyribose
moiety of T5. Indeed, the O4′ of the sugar pucker points to
the center of the pyrimidine denoting the possibility for a
η-type interaction between O4′ and electron delocalization
of the pyrimidine.

Figure 6b depicts the disposition and alignment of
T5O4 to the amino proton of A9. The feature is well-
established from the numerous T5-T10 and some
T5-A9 NOE connectivities. It is noteworthy that no pla-

narities or hydrogen bonds were used to restrain the
T10/T10 platform shown in Figure 6c. In this figure, both
the T5:A9:A9:T5 hydrogen bond alignment and the juxta-
posed T10/T10 platform are evident and show good base-
stacking interactions. This tetrad alignment shown sche-
matically in Figure 1f was not anticipated from proton
connectivities between intervening bases since both amino
protons of A9 were too broad. However, the T5H3-A9H1′
and T5H3-A9H2 cross-peaks (respectively, peaks 18 and
19 in Figure 3) are observable. The downfield shift of
T5H3 could thus be due to the fact that, by having T5 as
part of a pseudo-planar element, this proton falls in a
deshielding region of the aromatic isotropic magnetic field
of its base-paired A9 (Figure 6a). However, a water mole-
cule could also mediate hydrogen bonding to the A9
backbone. Good base stacking is observed for the Watson-
Crick edge A9:A9 mispair alignment of the T5:A9:A9:T5
tetrad and T10/T10. The T5 bases show departure from
coplanarity with the mismatch. The hydrogen bond direc-
tionalities in all pseudo-planar elements are anticlock-
wise, except for the juxtaposed G1:C2:G1:C2 tetrads at the
dimeric interface. The T10/T10 platform is aligned in a
disposition appropriate for a T:T wobble pair. But, in any
of the selected seven structures, the atoms are within
hydrogen bonding distance (consistent with their T10H3
imino chemical shift).

FIGURE 5: (a) Stereoview of a superposition of seven refined structures of the quadruplex formed by the sequence d(GCGGTTGGAT) in
sodium solution. The individual strands are yellow, cyan, green, and red. Protons and the exocyclic phosphate oxygens were deleted for
clarity. (b) A stick depiction of the backbone of the lowest energy refined structure of the quadruplex motif. (c) A top view of the aligned
seven lowest energy refined structures.
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DISCUSSION

Principles for the formation of higher order architectures
are to be established through the observation of recurring
structural motifs associated with particular DNA sequences.
Identification of new pairing alignments generally involves
the screening of numerous DNA sequences. By building into
an established framework topology, we have here explored

the possibility for design of new architectural features. Thus,
in an effort to move from serendipity to design, we are
systematically investigating the robustness of double chain
reversals bridging tetrad layers using as a starting point the
topology formed by the sequence d(GCGGTGGAT) in
sodium at pH 6.8 (7) (Figure 1b). In the structure formed
by this sequence, the segment GGTGG undergoes a double
chain reversal in which the interspersed thymine in the syn
conformation loops out, resulting in its methyl group being
buried into the quadruplex stem and a solvent exposed
Watson-Crick edge. By varying the nature of residues
bracketed by a couple of GpG steps by inserting more than
one residue between the two GpG steps, it is possible to
probe the versatility of the double chain reversals and
demonstrate experimentally novel pairing alignments.

Here, we have established that the topology is sufficiently
robust and the preferred folding topology for the sequence
d(GCGGTTGGAT). It has served for the experimental
demonstration for formation of both a G(T-G) triad and an
A:A Hogsteen edge mispair aligned T:A:A:T tetrad in a
quadruplex.

The double chain reversal in the GGTTGG segment forms
a hitherto unidentified base triad G3(T6-G7) in which the
sheared edge of a guanine is recognized by the Watson-
Crick edge of a looping thymine as shown schematically in
Figure 6b. Since both guanines of the triad are part of a
G-tetrad in a symmetrical bi-stranded dimer as shown in
Figure 5, their platform results in the unprecedented T6:(G3:
G7:G3:G7):T6 hexad alignment shown schematically in
Figure 1d. This alignment was the feature anticipated with
the insertion of a thymine into the GGTGG segment. Thus
far, pseudo-planar structured elements with more than four
bases are known only for adenines recognizing the sheared
edge of guanines part of G-tetrads, thus forming pentads,
hexads, and heptads (4-6, 24). These pseudo-planar archi-
tectures stem from the assembly of the G(A-G) triad as a
recurring motif in GGAGG segments.

An unanticipated feature was the formation of a pseudo-
planar architecture involving the remaining looping thymine.
In the original structure with this topology, a Watson-Crick
edge A:A mismatch served a capping function to the
quadruplex stem by forming a platform across the quadruplex
toroid (7). This disposition is also found in the present
structure. Consequently, the wide open Hoogsteen edges were
ideal for recognition by the looping T5. In the current
structure, T5O4 forms a hydrogen bond to the remaining
amino proton donor of A9, resulting in the T5:A9:A9:T5
tetrad shown schematically in Figure 1f. The formation of
other tetrad pairing alignments involving pairs of adenines
and thymines has been previously demonstrated (25, 26).
The known T:A:T:A tetrad alignment in a quadruplex results
from Hoogsteen edge mispair alignment of adenines forming
part of a pair of Watson Crick A:T base pairs (26). This has
as a consequence a slipped alignment at the end of a
quadruplex stem. In contrast, the formation of T10/T10
platform stacking on the A9:A9 mismatch in the current
structure indicates that progression of the strands as a regular
double helix is favorable. Thus, this four-stranded topology
suggests a pathway for recombination events involving the
association of quadruplex entities with GpC dangling ends
(7, 27).

FIGURE 6: Depictions of structural details for a representative
refined structure of d[(GCGGTTGGAT)2]2. (a) Stacking depictions
between T5:(G3:G7:G3:G7):T5 in blue, G4:G8:G4:G8 in green,
and thymine T5 in pink. (b) View of the double chain reversal
depicting disposition of its interspersed thymines in lighter blue:
thymine T5 vis-a′-vis A9 and the triad G3(T6-G7). (c) Juxtaposition
of T5:A9:A9:T5 tetrad and T10/T10 platform. The two symmetrical
strands are depicted in red and blue.
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Comparisons of Double Chain ReVersal Loops. In span-
ning G-tetrads, the conformation diversity of double chain
reversal loops is sensitive to the nature of nucleotide,
nucleotide sequence, and solution conditions among other
factors. By comparing DNA quadruplex structures bearing
double-chain reversals, it is possible to infer constraints
leading to their formation and stabilization. Thus, we are
currently examining both stability and impact of the nature
and number of the looping residues within the same
topological framework utilizing solution NMR methods.
Notably, caution is required for correctly restraining back-
bone dihedral angles from NMR structural studies. Accord-
ingly, for the current study, we have made conservative
choices for the use of dihedral angle restraints derived from
31P to 1H correlations and did not use coupling constraints
to further restrain sugar puckers.

In general, canonical B and A-DNA dihedral angles
populate preferentially gauche (-) for R andú, gauche (+)
for γ, and trans forâ andε (17) conformations. Deviations
from canonical conformations were found for the double
chain reversal in the GGAGG segment in which the
interspersed adenine populates preferentiallyR(g+), â(t∼g-)
andγ(t) (6). The syn thymine in GGTGG loops out (7) and
populates different conformations:R(g-), â(g+), and
γ(+). In the segment GGTTGG, both thymines also populate
R(g-)γ(g+), the syn T6 is alsoâ(g+), but the anti T5
populates preferentiallyâ(t) (Table S1 in Supporting Infor-
mation). An illustration of the results of the concomitant
backbone mechanics for these three cases is presented in
Figure 7a-c. The most salient feature for double chain
reversals with interspersed thymines is that instead of the
typical ε(t)ú(g-) torsion domains being populated; both in
GGTTGG and in GGTGG (7) their preferred conformations
areε(g-)ú(t).

Both interspersed thymines in the double chain reversal
spanning three G-tetrad layers in the GGTTGG segment of
the solution structure formed by four TTGGGG loop out (28)
(Figure 7f). This is analogous to the segment GGTGG (7),
in which a double chain reversal spans two G-tetrad layers
as shown in Figure 7a. But, interestingly, in a double chain
reversal spanning two G-tetrad layers observed in the
segment GGCAGG (29), both interspersed residues (the
cytosine and the adenine) do not form pseudo-planar
architectures (Figure 7d). The same is true for the inter-
spersed ATT in the structure of the human telomeric
sequence by Parkinson et al. (30) bearing a GGATTGG
segment (Figure 7e). In this case, the double chain reversal
spans three tetrad layers as in the segment GGGTTGGG of
the tetrahymena telomeric sequence (28). In all three cases,
the looping bases are accessible to form hydrogen bonds and
recognition by other biomolecules. Contrasting with the
tetrahymena telomeric sequence, in the current structure all
residues in the GGTTGG segment are involved in the
formation of pseudo-planar elements. The first thymine in
the segment does in fact form a further tetrad layer consistent
with a virtually normal progression of the backbone. Thus,
the single T5-A9 hydrogen bond is possible with a small
deviation from the tetrad plane by T5 as depicted in Figure
6b. Accordingly, the next step effectively spans three tetrad
layers. It is the backbone in the steps T5pT6 and T6pG7
that appear to mostly accommodate the deformations. In
comparison, in the loop in the human telomeric sequence

by Parkinson et al. (30), the deformations for the double
chain reversal are spread throughtout five residues (GTTAG)
that seem to be sufficient to accommodate a full local
backbone helicoidal turn as shown in Figure 7e. An even
more strained loop has been observed in the folding topology
for the sequence d(G3T4G4) in solution (31). In this case,
just the backbone spans three layers of G-tetrads (i.e., the
tetrad pseudo-planar elements of each of guanines in the GpG
step are juxtaposed to an interceded G-tetrad). However, this
loop is not part of a double chain reversal resulting in
contiguous parallel strands.

Biological Implications. There is a well-established interest
in identifying topologies associated with sets of G-tracks
interrupted by adenines, thymines, or both mediating double
chain reversals since they seem prevalent in biologically
significant regions (8, 30, 32-39). Because the structural
plasticity of DNA is inextricably connected to its biological
function, we need more detailed information about the
structural impact of nucleotide sequence variation. Since
loops are a determinant feature of higher order architecture,
identification of the diversity of conformation they cover
greatly enlarges the repertoire of principles for formation
and stability of interesting topologies. Turns, loops, and
pseudo-planar motifs in higher order architectures can be
recognizable structural motifs lending uniqueness to possible
accessible topologies, in particular, genomic regions. This
type of structural knowledge allows for selectivity and
specificity in targeting modulation of topologies for thera-
peutic purposes (32, 35, 40). Comprehensive coverage of

FIGURE 7: Depictions of double chain reversals (a) the GGTGG
segment of the sequence d(GCGGTGGAT) (PDB ID: 1NYD (7)),
(b) a GGAGG segment of the sequence d(GGA)8 (PDB ID: 1OZ8
(24)), (c) the GGTTGG segment of the sequence d(GCGGTTG-
GAT) (PDB ID: 1XCE), (d) the GGCAGG segment of the
sequence d(G2T4GGCAGGGT4G2T) (PDB ID: 1I34 (29)), (e) the
GGTTAGG segment of the sequence d[(AGGGTTA)3AGGG]
(PDB ID: 1KF1 (30)), and (f) a GGTTGG segment of the
d(TTGGGG)4 sequence ( PDB ID: 186D (28)). The interspersed
looping residues are in pink.

3762 Biochemistry, Vol. 44, No. 10, 2005 Webba da Silva



all stable, and transient, structural elements may allow for
the prediction of topologies associated with sequences of
biological significance.
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Table with backbone torsion angles for the lowest energy
calculated structure as well as one figure showing a JR-
NOESY (200 ms) at°C for 5′-GCGGUTGGAT-3′ at pH 6.8.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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