N
N

N

HAL

open science

Structure of a left-handed DNA G-quadruplex
Wan Jun Chung, Heddi Brahim, Emmanuelle Schmitt, Kah Wai Lim, Yves
Mechulam, Anh Tuan Phan

» To cite this version:

Wan Jun Chung, Heddi Brahim, Emmanuelle Schmitt, Kah Wai Lim, Yves Mechulam, et al.. Structure
of a left-handed DNA G-quadruplex. Proceedings of the National Academy of Sciences of the United

States of America, 2015, 112 (9), pp.2729-2733. 10.1073/pnas.1418718112 . hal-01140567

HAL Id: hal-01140567
https://polytechnique.hal.science/hal-01140567v1
Submitted on 5 Feb 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://polytechnique.hal.science/hal-01140567v1
https://hal.archives-ouvertes.fr

L T

/

1\

=y

CrossMark
& click for updates

Structure of a left-handed DNA G-quadruplex

Wan Jun Chung?, Brahim Heddi?, Emmanuelle Schmitt®, Kah Wai Lim?, Yves MechulamP, and Anh Tuan Phan®'

3school of Physical and Mathematical Sciences, Nanyang Technological University, Singapore 637371, Singapore; and PLaboratoire de Biochimie, UMR 7654,

CNRS, Ecole Polytechnique, Palaiseau 91128, France

Edited by Stephen Neidle, University College London, London, United Kingdom, and accepted by the Editorial Board January 19, 2015 (received for review

September 29, 2014)

Aside from the well-known double helix, DNA can also adopt an
alternative four-stranded structure known as G-quadruplex. Implica-
tions of such a structure in cellular processes, as well as its therapeutic
and diagnostic applications, have been reported. The G-quadruplex
structure is highly polymorphic, but so far, only right-handed helical
forms have been observed. Here we present the NMR solution and
X-ray crystal structures of a left-handed DNA G-quadruplex. The struc-
ture displays unprecedented features that can be exploited as unique
recognition elements.

G-quadruplex | left-handed helix | nucleic acid | NMR |
X-ray crystallography

NA can adopt diverse structural conformations (1-9), rang-

ing from double helical A-, B-, and Z-forms to triplexes,
quadruplexes, and branched architectures. Different DNA con-
formations have been associated with different biological func-
tions (1, 2, 6, 7, 9). While the canonical double helix (1)
(B-DNA) and most other structural forms follow a right-handed
helical twist, Z-DNA is the only left-handed form of DNA (2)
known to date.

Recent mounting biological interest has driven attention to
G-quadruplex (G4) (10-16), a four-stranded structure consisting
of a stack of G-tetrad layers, each comprising four guanines
Hoogsteen hydrogen-bonded in a coplanar arrangement (17). This
helical structure with different possible orientations between the
four strands is highly polymorphic (6, 7, 16, 18, 19), but so far, only
right-handed forms have been observed. G4-forming sequences are
found in numerous regions of the human genome (16). Recent
studies demonstrated their existence in human cells (15) and their
involvement in cellular regulation including recombination (12),
replication (13, 14), transcription (10), and translation (11). On the
other hand, synthetic G4s have been introduced as unique
structural elements in nanotechnology (20) as well as aptamers
for therapeutic and diagnostic purposes (21). For instance, the
G-rich oligonucleotide AGRO100 (SI Appendix, Table S1), also
known as ASI1411, has been shown to exhibit potent anti-
proliferative activity against a range of cancer cells (21) and was
later found to adopt multiple G4 conformations (22).

Herein we present NMR and X-ray structures of a G4 derived from
AGROI100, adopted by the sequence d[T(GGT),TG(TGG);TGTT]
(henceforth denoted as Z-G4), which exhibits distinct circular
dichroism (CD) profile with a negative peak at ~275 nm and
a positive peak at ~250 nm (Fig. 1B), nearly inverted from that of
the right-handed G4 topologies reported to date (23). The un-
precedented left-handed helical twist of Z-G4, as presented be-
low, explains its atypical CD signals.

Results and Discussion

The imino proton NMR spectrum of Z-G4 in solution containing
~100 mM K* showed 16 major sharp peaks between 10.6 and
11.8 ppm (Fig. 1A4), indicative of the formation of a four-layered
G4. The NMR solution structure of Z-G4 was elucidated (Table
1 and Fig. 24) based on rigorous assignment approaches using
site-specific isotopic labels and through-bond correlation experi-
ments (SI Appendix, Table S2 and Figs. S1 and S2), largely fol-
lowing protocols described previously (18). The structure involves
two continuous stacked G4 blocks (Fig. 2D), each comprising two
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G-tetrad layers arranged in the same hydrogen-bond direction-
alities (G2-G5-G8-G11 and G3-G6-G9-G12 for the top G4 block
and G15-G18-G21-G24 and G17-G20-G23-G26 for the bottom G4
block) (ST Appendix, Fig. S3), connected through a central linker
(T13-T14). All guanine residues adopt the anti glycosidic confor-
mation with the exception of G2, which is in the syn conformation.

Z-G4 was successfully crystallized in the presence of potassium
ions, using methylpentanediol as precipitating agent. Crystals
belonged to the P3,21 group and diffracted to 1.5-A resolution.
The structure was solved by molecular replacement, using the
NMR solution structure as a starting model, and refined to 15-A
resolution (R-factor = 14.1%j Ryee = 18%; Table 2 and Fig. 2B).
Head-to-head and tail-to-tail crystal packing was observed, fa-
cilitated by thymine residues from the loops. Because of the
head-to-head arrangement, two symmetry-related potassium ions
are sandwiched between the two DNA molecules (SI Appendix,
Fig. S44). A hexacoordinated Mg*" ion is also involved in crystal
packing (SI Appendix, Fig. S4B). Similar to typical right-handed
Gd4s, three potassium ions are visible in the core, sandwiched
between the G-tetrads. Finally, 94 ordered water molecules are
located mainly within the grooves and along the phosphate
backbone of Z-G4. Electron densities, attributed to water mole-
cules, were observed at the 5'- and 3’-ends of the G-tetrad core
(Fig. 2B). However, the possibility of ions with low occupancy
could not be excluded. Comparison between the NMR solution
and X-ray crystal structures of Z-G4 showed a high degree of
concordance [pairwise rmsd of (1.63 + 0.34) A, excluding the last
two residues] (SI Appendix, Fig. S5).

The strand arrangement of Z-G4 conforms to that of a parallel-
stranded G-tetrad core (Fig. 2C), with the average stacking dis-
tance between successive G-tetrads being (3.46 + 0.07) A. Di-
mension of all four grooves (as defined by phosphate-to-phosphate
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duplexes, triplexes, and quadruplexes. Four-stranded structures
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cesses and found potential applications in therapeutics and
nanotechnology. G-quadruplex structures are highly polymor-
phic, but so far, only right-handed helical forms have been ob-
served. Here we present the NMR solution and X-ray crystal
structures of an unprecedented left-handed DNA G-quadruplex,
containing structural features that can be exploited as unique
recognition elements.
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Fig. 1. (A) One-dimensional imino proton NMR spectrum of Z-G4. (B) CD
spectrum of Z-G4.

distance between adjacent tetrad guanine residues) for the two
G4 blocks is of medium width (~16.5 A). The two G4 blocks are
stacked through the G3-G6-G9-G12 and G15-G18-G21-G24 tet-
rads, consistent with the slower rate of solvent exchange of the
imino protons in these tetrads as observed by NMR (SI Appen-
dix, Fig. S6). Across the stacking interface, there is partial
overlap between the five- and six-membered rings of the guanine
bases from the two tetrad layers (between G3/G24, G12/G15,
G9/G18, and G6/G21) (SI Appendix, Fig. S7A). Such stacking
arrangements have previously been observed across various
stacked G4 structures (24) (SI Appendix, Fig. S7B). However, as
opposed to that observed in right-handed G4 structures, O4’
atoms of the sugar residues in Z-G4 point in the direction of the
strand progression (SI Appendix, Fig. S8 A and B).

Within each G4 block, strands are connected by single-
nucleotide thymine loops (T4, T7, and T10 for the top G4 block
and T16, T19, T22, and T25 for the bottom G4 block). The
backbone configuration of these loops deviates from that of a
typical single-nucleotide propeller loop (25). Instead of flipping
outward, thymine bases T7, T10, T13, T16, T19, T22, and T25
collapse onto the terminal G-tetrads, allowing the O4’ atoms of
these residues to establish a hydrogen bond with the amino
protons of the nearby tetrad guanine bases (G5, G8, G11, G26,
G17, G20, and G23) (Fig. 3 and SI Appendix, Fig. S9 A and C).
In the crystal structure, the relatively low B factors of these thy-
mines (ranging between 13.4 and 17.2 A2 for T7, T10, T13, T22,
and T25; 27.4 A? for T16; and 22.6 A2 for T19), only slightly
higher than the mean B-factor of guanines in the G-tetrad core
(13.6 A%, indicated that these residues were well ordered. These
structural arrangements are supported by the slow rate of solvent

Table 1. NMR restraints and structure statistics
Restraints and structure statistics Value
NMR restraints
Distance restraints
Intraresidue
Exchangeable 3
Nonexchangeable 310
Interresidue
Exchangeable 105
Nonexchangeable 246
Hydrogen bond restraints 64
Structure statistics
NOE violations
Numbers (>0.2 A) 0.500 + 0.671
Deviations from standard geometry
Bond length, A 0.005 + 0.000
Bond angle, ° 0.800 + 0.013
Impropers, ° 0.448 + 0.024
Pairwise all heavy atom rmsd values, A
All heavy atoms 1.950 + 0.250
G-tetrad core 1.089 + 0.137
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exchange of the guanine amino protons as observed by NMR (SI
Appendix, Fig. S9 B and C). We also note alternative structural
conformations for residues T4, G5, and T10. The accessible
grooves and the capping of both G-tetrad ends by the thymines
create a unique structural motif that could potentially serve as
specific recognition element (Fig. 3).

All taken together, general characteristics (e.g., tetrad geom-
etry, groove dimensions, and stacking distances) of Z-G4 comply
with those of a regular right-handed G4. However, backbone
progression of successive guanine residues constituting each
individual G4 block is left-handed (Fig. 4 A and E), which is
reverse of that of a typical all-parallel-stranded G4 scaffold
(e.g., monomeric three-layered G4 formed by the sequence
d[TT(GGGT),], henceforth denoted as 795-2T; SI Appendix,
Table S1, and Fig. 4 B and F) (25). Looking down each G4 block
from 5’ to 3, the oligonucleotide strand progresses in an anti-
clockwise manner for Z-G4 (Fig. 4C), in contrast to 795-27T, in
which the oligonucleotide strand progresses in a clockwise man-
ner (Fig. 4D). On average, the relative rotation/twist between two
successive guanine bases is reverse, (—25.73 + 2.00)° for Z-G4 vs.
(+29.41 + 2.45)° for T95-2T (Fig. 4 G and H). Such helical ge-
ometries are reflected by their contrasting CD spectra (SI Ap-
pendix, Fig. S10), which are almost mirror images of one another.
Similar contrasting behavior was previously reported between
Z-DNA and B-DNA (26). Analysis of the backbone dihedrals for
Z-G4 revealed a unique left turn: torsion angles for the dinu-
cleotide steps G5-G6, G8-G9, G11-G12, G17-G18, G20-G21,
and G23-G24 approximate those observed in Z-DNA for
nucleotides in the anti conformation (which would have largely
accounted for the left-handed progression of the G4 block)
(Table 3 and SI Appendix, Fig. S11). Furthermore, a similar
Z-DNA-like backbone configuration can be observed for the
G2-G3 step of Z-G4 (SI Appendix, Fig. S12). Such unusual local
backbone conformations have recently been observed to occur
in RNA quadruplex aptamers (27-29). Previously, quadruplexes

Fig. 2. (A) Ten lowest-energy superimposed solution structures of Z-G4.
(B) Crystal structure of Z-G4. The electron density corresponds to the final 2mFo-
DFc map contoured at 1.0 o. (C) Ribbon view of the crystal structure of Z-G4.
Anti and syn guanine bases are colored in cyan and magenta, respectively;
thymine bases are in orange; phosphate backbone are in gray; phosphate
oxygens are in red; and O4’ oxygens are in yellow. Potassium ions and water
molecules are colored in purple and red, respectively. (D) Schematic structure
of Z-G4. Arrows represent the 5'-to-3’ strand progression.

Chung et al.
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Table 2. Data collection and refinement statistics for X-ray
crystal structure determination

Cell dimensions

Data collection and refinement statistics Value
Data collection*
Space group P3,21

a, b cA 51.90, 51.90, 40.17
o By, ° 90.0, 90.0, 120.0
Resolution, A 44.9-15
Rsym 0.083 (0.642)"
/ol 18.50 (2.76)
Completeness, % 95.7 (77.7)
Redundancy 9.2 (5.6)
Refinement
Resolution, A 44.9-15
Number of reflections 9875

Rwork/Rfree 0.1410/0.1800
Number of atoms
DNA 631
K* 4
M92+ 1
Water 94
B-factors, A2
DNA 16.81
K+ 10.22
Mg>* 35.63
Water 31.66
rmsd
Bond lengths, A 0.008
Bond angles, ° 1.090

*A single crystal was used for data collection.
"Values in parentheses are for the highest-resolution shell.

with left-handed helicity have been artificially induced through

full or partial incorporation of enantiomeric L-nucleotides (30, 31).
NMR and CD spectra showed that Z-G4 adopted the same
left-handed G4 scaffold under near-physiological ionic condition

Fig. 3. Surface representation showing the capping of the top and bottom
tetrad. (A) Side views. (B) Top view. (C) Bottom view. Anti and syn guanine
bases are colored in cyan and magenta, respectively; thymine bases are in
orange; phosphate backbone is colored in gray. Bases are labeled with their
corresponding residue numbers.

Chung et al.

A Left-handed G4 B

Right-handed G4
5

C

-25.7°

Fig. 4. (A) Surface representation of one block (two tetrad layers) of Z-G4
showing the left-handed directionality of the phosphate backbone.
(B) Surface representation of T95-2T (Protein Data Bank code 2LK7) (three
tetrad layers) showing the right-handed directionality of the phosphate
backbone. Thymine residues are removed for clarity. (C) Top view from the
5 end of Z-G4 showing the anticlockwise progression of the backbone, as
depicted by the gray arrow. (D) Top view from the 5’ end of T95-2T showing
the clockwise progression of the backbone, as depicted by the gray arrow.
(E) Side view of a representative dinucleotide step of Z-G4. (F) Side view of
a representative dinucleotide step of T95-2T. (G) (Top view) Stacking be-
tween two successive guanines within a subunit of Z-G4 with a relative
rotation of —25.7°. (H) (Top view) Stacking between two successive guanines
in T95-2T with a relative rotation of +29.4°.

in solution containing 160 mM K*, 10 mM Na™, and 2 mM Mg**
(ST Appendix, Fig. S13) but not in a Li*-containing buffer, pointing
toward the role of K* ions in the stabilization of the G-tetrad core.
CD experiments (SI Appendix, Fig. S14) showed that the Z-G4
structure was formed under different K* concentrations and that
its thermal stability increased with increasing K* concentration
(melting temperature, Ty, ~45 °C at 90 mM K*; T, ~62 °C at
700 mM K*). Sequence modifications on the central linker T13-
T14 (e.g., reduction to one or zero nucleotides, or extension to
four nucleotides) and on the first loop T4 (e.g., T-to-A, T-to-C,
and T-to-TT) were well tolerated (SI Appendix, Table S3 and Fig.
S15). Modifications at both ends, resulting in AGROI100 (SI
Appendix, Table S1), could also be tolerated, as observed from
the similarity between the NMR and CD spectra of Z-G4 and
those of one isolated fraction of AGRO100 (22).
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Table 3. Comparison of backbone torsion angles of Z-G4 with various right- and left-handed

DNA forms
Quadruplex Duplex

Backbone dihedral Z-G4* Regular G4" Z-DNA* anti-syn/syn-anti B-DNAS

€ (316 + 2)° (197 + 9)° (267 + 9)°/(240 + 9)° (184 = 11)°
g (86 + 3)° (250 + 10)° (75 + 9)°/(301 + 16)° (265 + 10)°
ot+1 (161 + 6)° (309 + 17)° (71 £ 13)°/(201 + 20)° (298 + 15)°
p+1 (226 + 5)° (180 + 8)° (183 + 9)°/(225 + 16)° (176 + 9)°
y+1 (54 + 3)° (33 £ 11) (179 + 9)°/(54 + 13)° (48 £ 11)°

*Average values and standard deviations as obtained from the six dinucleotide steps G5-G6, G8-G9, G11-G12,

G17-G18, G20-G21, and G23-G24.

fAverage values and standard deviations as obtained from eight dinucleotide steps G2-G3, G3-G4, G8-G9,
G9-G10, G14-G15, G15-G16, G20-G21, and G21-G22 in a three-layered parallel-stranded G-quadruplex (Protein

Data Bank code 1KF1) (7).

*Parameters are listed for anti-syn and syn-anti steps of ZI phosphate conformation (42).

5BI phosphate conformation (42).

The left-handed helical nature of Z-G4 gives rise to a unique
G4 scaffold featuring several unprecedented structural motifs,
which could serve as natural or artificial recognition elements.
Sequence matches of Z-G4 were found in various locations of
the human genome (SI Appendix, Table S4), whereas results
from sequence modifications suggested scope for expanding the
sequence definition of such a left-handed G-quadruplex struc-
ture. These motifs could build upon the toolbox available for the
construction of DNA assemblies (32). The topology of Z-G4
reveals unprecedented folding principles of G-rich oligonucleo-
tides that could be applied toward the design and prediction of
G4 motifs. Furthermore, the compact structure of Z-G4 could
facilitate its potential application as an aptamer for therapeutic
or diagnostic purposes.

Methods

Sample Preparation. The unlabeled and site-specific labeled DNA oligonu-
cleotides were chemically synthesized on an ABI 394 DNA/RNA synthesizer.
DNA sample concentrations were determined by measuring the UV absor-
bance at 260 nm.

Circular Dichroism. Circular dichroism (CD) spectra were recorded at 25 °C
using a JASCO-815 spectropolarimeter with a 1-cm path length quartz cu-
vette containing a solution volume of 500 pL. Spectra (220-320 nm) were
taken with a scan speed of 200 nm/min. DNA (~5 pM) was dissolved in
a buffer containing 70 mM KCl and 20 mM potassium phosphate, pH 7.0. For
each measurement, an average of three scans was taken, and the spectral
contribution of the buffer was subtracted.

NMR Spectroscopy. Unless otherwise stated, all NMR experiments were per-
formed on 600- and 700-MHz Bruker spectrometers at 25 °C. The concen-
tration of DNA samples was typically 0.1-2 mM. Solution contained 70 mM
KCl, 20 mM potassium phosphate (pH 7.0), and 10% (vol/vol) D,O. Spectral
analyses were performed using SpinWorks (home.cc.umanitoba.ca/~wolowied
spinworks/), FELIX (Felix NMR, Inc.), and SPARKY (33).

NMR-Restrained Structure Calculation. Interproton distances for Z-G4 were
classified based on NOESY experiments performed in D,0 (mixing times, 100
and 300 ms) and H,O (mixing time, 200 ms). The structure of Z-G4 was

. Watson JD, Crick FHC (1953) Molecular structure of nucleic acids; a structure for de-
oxyribose nucleic acid. Nature 171(4356):737-738.

. Wang AHJ, et al. (1979) Molecular structure of a left-handed double helical DNA
fragment at atomic resolution. Nature 282(5740):680-686.

. Leontis NB, Stombaugh J, Westhof E (2002) The non-Watson-Crick base pairs and their
associated isostericity matrices. Nucleic Acids Res 30(16):3497-3531.

4. Nikolova EN, et al. (2011) Transient Hoogsteen base pairs in canonical duplex DNA.

Nature 470(7335):498-502.

5. Frank-Kamenetskii MD, Mirkin SM (1995) Triplex DNA structures. Annu Rev Biochem
64:65-95.

. Smith FW, Feigon J (1992) Quadruplex structure of Oxytricha telomeric DNA oligo-
nucleotides. Nature 356(6365):164-168.
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calculated using X-PLOR-NIH (34) and AMBER (35). Detailed procedures are
described in S/ Appendix. Structures were displayed using PyMOL (36).

Crystallization and X-Ray Crystallography. Crystallization assays were per-
formed by the sitting-drop methods, using a solution of Z-G4 (2 mM) in
10 mM potassium cacodylate buffer (pH 6.5) and 100 mM potassium chloride.
Initial screening was done with the Natrix commercial screens (Hampton
Research). Hexagonal crystals (space group P3,21) were obtained using 35%
(vol/vol) methylpentanediol as precipitating agent, in the presence of 40 mM
sodium cacodylate (pH 7.0), 20 mM magnesium chloride, 12 mM potassium
chloride, and 80 mM sodium chloride. For data collection, crystals were di-
rectly flash frozen in liquid nitrogen. Data were collected from a single crystal
at the SOLEIL PROXIMA 1 beamline (A = 0.979 A; Saint-Aubin, France)
equipped with a Pilatus detector and processed using XDS (37). Data collec-
tion statistics are summarized in Table 2. Initially, the structure was solved by
molecular replacement, using PHASER (38) with data to 2.5-A resolution. The
coordinates of the G residues from the NMR structure were used as a search
model. The model was then refined and completed with the T residues as
well as ions and water molecules, by several cycles of manual building using
Coot (39) and energy minimization using phenix.refine (40). In the last steps
of refinement, anisotropic B-factors were used. The final model contains all
28 residues of DNA, 4 potassium ions, 1 magnesium ion, and 94 water mol-
ecules (Table 2). A representative portion of the final electron density is il-
lustrated in S/ Appendix, Fig. S16.

Structural Analysis. Structures were analyzed using an in-house script and
Curves+ (41). The twist angle between two successive guanines was calcu-
lated as the angle between the vectors formed by the C8 atom coordinate
and the middle point of the N1, C2 atom coordinates. The rise between two
successive guanines was calculated as the distance between two averaged
planes formed by the aromatics rings of guanine residues. Backbone di-
hedral angles were calculated using Curves+.
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