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ABSTRACT: Poly-G sequences are found in different genomes including human
and have the potential to form higher-order structures with various applications.
Previously, long poly-G sequences were thought to lead to multiple possible ways of
G-quadruplex folding, rendering their structural characterization challenging. Here
we investigate the structure of G-quadruplexes formed by poly-G sequences
d(TTG,T), where n = 12 to 19. Our data show the presence of multiple and/or
higher-order G-quadruplex structures in most sequences. Strikingly, NMR spectra of
the TTG,sT sequence containing a stretch of 1S continuous guanines are
exceptionally well-resolved and indicate the formation of a well-defined G-quadruplex
structure. The NMR solution structure of this sequence revealed a propeller-type
parallel-stranded G-quadruplex containing three G-tetrad layers and three single-
guanine propeller loops. The same structure can potentially form anywhere along a
long G, stretch, making it unique for molecular recognition by other cellular
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molecules.

G uanines (G) have a high potential for self-recognition and
self-assembly. Four guanines can be held together by
Hoogsteen hydrogen bonds in a planar G-tetrad." In a G-rich
nucleic acid sequence, multiple G-tetrads can form and stack on
top of each other, resulting in a four-stranded structure called a
G-quadruplex, further stabilized by cations.”™* Potential G-
quadruplex-forming sequences are abundant in the genomes of
different species.’”® Bioinformatics analysis revealed over
350 000 putative G-quadruplex-forming sequences containing
at least four short tracts of three or more continuous guanines
in the human genome®® including important regions such as
telomeres,” promoters,10 immunoglobulin switch regions, and
recombination hot spots."' Increasing evidence for the
existence and functions of G-quadruplexes in vivo have been
reported."*™"* In particular, G-quadruplexes in the telomeres
and oncogenic promoters are considered attractive anticancer
drug targets.'®"”

It has been found that long poly-G tracts are abundantly
distributed in the genome of C. elegans and C. briggsae."® In C.
elegans, there are approximately 400 poly-G regions of various
lengths (~10—30 nucleotides) in different chromosomes."® G-
repeats have been shown to play an important role in phase
variable gene expression in pathogenic bacteria Helicobacter
pylori*®?! Poly-G regions are also found in the human genome.
For instance, in chromosome 2 there is a 427-nt region, where
only 24 out of 427 nucleotides are non-guanines.*”

From a molecular engineering perspective, G-quadruplex-
forming sequences can be important as therapeutic agents,
possessing anticancer, anti-HIV, or anticoagulant properties.23
In addition, G-quadruplex scaffolds were used for nano- and
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microparticle assemblies®™ or as electronic switches*® and
drug carriers.””*® In particular, microcapsules containing G-
quadruplexes formed by Gs-mer oligonucleotides have been
demonstrated as promising therapeutic carriers.”” Poly-G
sequences also have the potential to form higher-order
structures such as nanowires.”® G-quadruplex-based nanowires
have high stiffness and rigidity that are generally considered
crucial elements for their applicability in nanoelectronics.>"**

Structures of many G-quadruplexes have been determined by
NMR and X-ray crystallography, illustrating a rich diversity in
the folding topology depending on the sequence.>*'7*3~* To
date, structural studies of G-quadruplexes have been mostly
limited to sequences containing short tracts of continuous
guanines (which form the columns supporting the G-tetrad
core) separated by non-guanine residues (which form loops).
NMR and X-ray crystallographic structures of G-quadruplexes
formed by a tract of 3 or 4 continuous guanines (e.g, TG,T
and TG,T) revealed tetrameric parallel-stranded G-quadru-
plexes, where all guanines adopt an anti conformation.*
Despite the general belief that long poly-G sequences would
form tetrameric G-quadruplexes, recent mass spectrometry
experiments showed that these sequences folded into G-
quadruplexes of lower stoichiometry,** in accordance with an
early model of a monomeric fold-back G-quadruplex.*’
However, high-resolution structures of G-quadruplexes formed
by long G, tracts have not been studied.
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In this work, using Nuclear Magnetic Resonance (NMR) and
Circular Dichroism (CD) spectroscopy, we investigate the
structure of G-quadruplexes formed in DNA poly-G sequences
d(TTG,T), where n ranges from 12 to 19. Two thymines at the
5’-end and one at the 3’-end were added to help prevent the
stacking and aggregation of G-quadruplex blocks, hence,
facilitating a NMR  structural study.*® Unexpectedly, we
discovered that the d(TTG;T) sequence displayed exception-
ally well-resolved NMR spectra and showed that it formed a
single parallel-stranded G-quadruplex containing three G-tetrad
layers and three single-guanine propeller loops. Such a unique
G-quadruplex motif can be biologically relevant, as it can
potentially be formed by a fragment of 15 continuous guanines
anywhere along a poly-G sequence.

B METHODS

Sample Preparation. DNA oligonucleotides were chemi-
cally synthesized on an ABI 394 DNA synthesizer using
products from Glen Research and Cambridge Isotope
Laboratories and then purified following the protocol from
Glen Research. The samples (concentration, 0.02—0.20 mM)
were dialyzed successively against water, 2 mM KCl, and water
again. DNA oligonucleotides were frozen, lyophilized, and
dissolved in buffer containing 2 mM KCI and 10 mM Tris—
HCI buffer (pH 7). The DNA concentration was expressed in
strand molarity using a nearest neighbor approximation for the
260-nm molar extinction coeflicient of the unfolded species.

Gel Electrophoresis. The molecular size of oligonucleo-
tides was visualized by non-denaturing gel electrophoresis.
Oligonucleotides were prepared in 10 mM Tris-HCI buffer (pH
7), supplemented with 2 mM KCI. The samples were loaded on
a 20% polyacrylamide gel, supplemented with 2 mM KCI; 10%
sucrose was added just before loading. The gel was viewed by
UV shadowing.

UV Spectroscopy. The stability of G-quadruplexes was
measured in UV melting experiments conducted on a JASCO
V-650 spectrophotometer. Experiments were performed with 1-
cm path length quartz cuvettes. The absorbance at 295 nm was
recorded as a function of temperature ranging from 20 to 90
°C. Heating and cooling were done at a rate of 0.2 °C/min.
The DNA concentration ranged from 4 to 6 M. The solution
contained S mM KCl and 10 mM Tris-HCl buffer (pH 7). To
calculate the DNA folded fraction, all UV melting curves are
manually fitted for two-state folding where two baselines are
drawn at low and high temperatures corresponding to
completely folded and unfolded states. For each sequence the
melting temperature (T,,) for unfolding is presented. The
difference in the T, values from folding and unfolding was less
than 1 °C.

CD Spectroscopy. CD spectra were recorded on a JASCO-
815 spectropolarimeter using a 1-cm path length quartz cuvette
in a reaction volume of 500 uL at 20 °C. Scans from 220 to 320
nm were performed with a rate of 200 nm/min, 1-nm pitch,
and 1-nm bandwidth. The DNA concentration ranged from 4
to 6 uM. For each experiment, an average of three scans was
taken, the spectrum of the buffer with $ mM KCl and 10 mM
Tris-HCI was subtracted, and data were zero-corrected at 320
nm.

NMR Spectroscopy. NMR experiments were performed on
Bruker Advance spectrometers operating at 600 or 700 MHz
for "H at 25 °C. The DNA concentration for NMR experiments
was typically 0.2—2.0 mM. Spectral assignments of GI1S were
obtained by comparison with the spectra of T95-2T and
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completed by using NOESY and TOCSY spectra. Thymine
resonances were identified by the through-bond H6-CHj;
correlations from TOCSY spectra.*’” The folding topologies
and more detailed structural information on G-quadruplexes
were obtained from NOESY spectra.

Structure Calculation. The NMR structure of the G15 G-
quadruplex was calculated based on distance-restrained
molecular dynamics refinement following distance geometry
simulated annealing using the program XPLOR-NIH.** De-
tailed procedures for structure calculation are described
previously.*® Interproton distances were deduced from
NOESY sgectra. Structures were displayed using the program
PyMOL.*

Data Deposition. The coordinates for the GIS G-
quadruplex have been deposited in the Protein Data Bank
(accession code 2MB2).

B RESULTS AND DISCUSSION

G-Quadruplexes Formed by Poly-G Oligonucleotides
of Different Lengths. Imino proton NMR spectra of DNA
sequences d(TTG,T) (termed Gn) containing n continuous
guanines (n = 12—19, Table 1) are shown in Figure 1. For

Table 1. DNA Sequences Analyzed in This Study

name sequence (5'—3")

GI12 TTGGGGGGGGGGGGT

G13 TTGGGGGGGGGGGGGT

G14 TTGGGGGGGGGGGGGGT

G1S TTGGGGGGGGGGGGGGGT
T9S-2T TTGGGTGGGTGGGTGGGT
C9s-2T TTGGGCGGGCGGGCGGGT
A9S-2T TTGGGAGGGAGGGAGGGT
§95-2T TTGGGSGGGSGGGSGGGT

G16 TTGGGGGGGGGGGGGGGGT
G17 TTGGGGGGGGGGGGGGGGGT
G18 TTGGGGGGGGGGGGGGGGGGT
G19 TTGGGGGGGGGGGGGGGGGGGT

“S represents a dSpacer.

G13

G14

G15

G16

G19

T
(ppm) 12.0

Figure 1. Imino proton spectra of the Gn sequences in solution
containing 10 mM Tris (pH 7) and 2 mM KCl at 25 °C. Name of the
sequences are labeled on top of each spectrum.
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Figure 2. Proton NMR spectra of T95-2T and GIS in solution containing 10 mM Tris (pH 7) and 2 mM KCl at 25 °C. (A and B) Imino and
aromatic proton spectra of (A) T95-2T and (B) G1S5. NMR spectra of the two sequences are almost identical, except for the aromatic protons of the
loop residues 6, 10, and 14 (labeled in red). (C) NOESY spectra of GIS (mixing time, 300 ms): (Left) Imino-H8 proton region showing
characteristic guanine imino-H8 cross-peaks for G-tetrads, which are framed and labeled with the assignment of the imino proton in the first position
and that of the H8 proton in the second position. (Right) H8/H6—H1' proton region showing NOE sequential connectivities. Intraresidue cross-
peaks are labeled with the corresponding residue numbers. Moderate intensities of the cross-peaks between H8 and H1’ protons indicate anti

glycosidic conformations of all guanines.

n < 15, imino proton spectra show a broad hump, suggesting
the formation of high-order structures and/or a mixture of
multiple conformations. Remarkably, for n = 15 the GI1S
sequence displays an extremely well-resolved spectrum with
distinct imino proton peaks in the 10—12 ppm range,
characteristic of the formation of a well-defined G-quadruplex
conformation. For n > 15, more peaks appeared in addition to
the set of peaks observed in G1S, suggesting that a similar G-
quadruplex as GI1S coexist with additional G-quadruplex
conformation(s). The number of peaks increased as n increased
with several peaks also merging together and giving rise to
broadened peaks, consistent with the formation of multiple
conformations. The CD spectra of all Gn sequences studied
show a maximum around 260 nm and a minimum around 240
nm (Figure S1 of the Supporting Information), characteristic of
parallel-stranded G-quadruplexes.*

NMR Structure of a G5 Stretch. We set out to determine
the solution structure of the G-quadruplex formed by the G15
sequence containing 15 continuous guanines, which showed an
exceptionally well-resolved NMR spectrum. The monomeric
nature of G1S was indicated in a gel electrophoresis experiment
(Figure S2 of the Supporting Information). The imino proton
spectrum of GI1S, which displays 12 sharp peaks, is almost
identical to that of the reference sequence T95-2T studied
previously;*® the aromatic proton spectrum of G15 is also very
similar to that of T95-2T except for the positions of peaks of
residues 6, 10, and 14 (G6, G10, and G14 in G15 vs T6, T10,
and T14 in T9S5-2T, respectively) (Figure 2). The T95-2T
sequence*® was previously shown to adopt a propeller-type
parallel-stranded three-layered G-quadruplex with three single-
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residue propeller (or double-chain-reversal) loops T6, T10, and
T14 (Figure S3 of the Supporting Information). The striking
similarity between the 1D and 2D NMR spectra of G1S and
those of T95-2T (Figure 2 and data not shown) indicates that
G135 adopts the same fold as that of T95-2T, i.e. a propeller-
type parallel-stranded G-quadruplex involving three G-tetrad
layers, where three guanines G6, G10, and G14, form three
single-residue propeller loops (Figure S3 of the Supporting
Information). All guanines adopt an anti glycosidic conforma-
tion. This fold was confirmed by the NOESY spectra of G1S5
(Figure 2).

The structure of G15 (Figure 3) was determined on the basis
of NMR restraints (Table 2). This structure is a three-layer
propeller-type parallel-stranded G-quadruplex with three single-
residue propeller loops. The first two thymines T1 and T2 are
positioned on top of the upper G-tetrad with T2 being well

Figure 3. Solution structure of GIS determined by NMR. (A) Side
view and (B) top view of 10 superimposed lowest-energy structures.
The bases of thymines are colored orange; guanines, cyan; backbone
and sugar, gray; O4’ atoms, yellow; phosphorus atoms, red.

dx.doi.org/10.1021/bi500990v | Biochemistry 2014, 53, 7718—7723



Biochemistry

Table 2. Statistics of the Computed Structures of the G1S G-
Quadruplex”

A. NMR restraints

distance restraints D,O H,0
intraresidue 155 0
sequential (i, i+1) 91 11
long-range (i, > i+2) S 43

other restraints
hydrogen bond 48
dihedral angle 12
repulsive 16

B. Structure statistics

NOE violations
number (> 0.2 A) 0.1 + 0.0
maximum violation (A) 0.158 + 0.025
r.m.s.d. of violations (A) 0.018 + 0.002

deviations from the ideal covalent geometry
bond lengths (A) 0.002 + 0.000
bond angles (deg) 0.665 + 0.004
impropers (deg) 0.328 + 0.004

pairwise all heavy atom r.m.s.d. values (&)
all heavy atoms except G6, G10, G14 0.73 £ 0.13
all heavy atoms 1.77 £ 0.39

“PDB ID 2MB2.

stacked on the G-tetrad and T1 slightly tilted. The thymine at
the 3’ end (T18) is also stacked at the bottom G-tetrad. Indeed,
the structure of G15 is very similar to that of T95-2T (pairwise
rms.d. < 1 A for all heavy atoms, excluding residues in the
propeller loops), except that single-residue thymine loops are
replaced by single-residue guanine loops (Figure 4).

A

T14

Figure 4. Comparison between the structures of G1S (blue) and T95-
2T (red). (A) Side view and (B) top view of a representative structure.

Single-Residue Propeller Loops. We hypothesized that
any nucleotide (G, T, C, A, or even an abasic residue) could
form a single-residue propeller loop bridging three G-tetrad
layers of a parallel-stranded G-quadruplex. The loop residues
G6, G10, G14 of G15 were substituted by T, C, A, or S (a
dSpacer—deoxyribose with no base) (Table 1). The imino
proton NMR spectra of these sequences were almost identical
to that of G1§ (Figure S4 of the Supporting Information),
confirming that these sequences adopt the same propeller-type
G-quadruplex fold. This conclusion was supported by the CD
spectra of these sequences showing a positive peak at 260 nm,
characteristic of a parallel G-quadruplex (Figure SS of the
Supporting Information).

The effect of loop residue on the stability of this propeller-
type G-quadruplex was investigated using UV melting experi-
ments (Figure S6 of the Supporting Information). The UV-
melting data (Table 3) showed the highest melting temperature
(T,) for the sequence with loops containing no bases
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(dSpacer), very similar T,, values for sequences with thymine
or cytosine loops, and a lower T, value for the sequence with
guanine loops, followed by that with adenine loops. This
behavior can be attributed to the size differences between
purines and pyrimidines and the ability of these bases to be
hydrated or involved in secondary interactions. Our results
agree well with the results previously reported for G-
quadruplexes containing single-residue loops.>"**

Table 3. Thermodynamic Parameters for Propeller-Type G-
Quadruplexes Containing Different Single-Residue Loops®

sequence T, AH AS AG (37 °C)
name (°C) (kcal/mol)  (kcal/mol/K) (kcal/mol)
A95-2T 60.3 52.0 0.156 3.6
G1S 66.0 58.4 0.172 49
C95-2T 75.6 79.1 0.227 8.7
T95-2T 75.6 86.8 0.249 9.5
§95-2T >79.5 94.5 0.268 114

“All parameters listed were obtained using the transition direction
from the G-quadruplex to single-strand (unfolding event).

Formation of G715 Quadruplex Structure in a Long
Poly-G Sequence. In principle, a poly-G sequence can form
multiple G-quadruplexes involving different numbers of G-
tetrads or different number residues in the loops, including
possibilities of dynamic swapping between guanines in the G-
tetrad core and loops.** The propeller-type G-quadruplex
involving three G-tetrad layers and three single-residue
propeller loops, which is formed by a sequence containing 15
continuous guanines, represents a unique well-defined robust
scaffold that was observed as a single major conformation. Due
to the repetitive nature of the sequence, the same G-quadruplex
can be formed by a fragment of 1S5 continuous guanines
anywhere along a poly-G sequence. Coincidently, among the
poly-G tracts (G, sequences) present in the genome of DOG-
1-deficient C. elegans, DNA deletions were found exclusively for
those with n > 14.% Thus, the unique G15 quadruplex motif
can be biologically relevant, being specifically recognized by
proteins or other cellular molecules.

B ASSOCIATED CONTENT

© Supporting Information

Figures S1—S6 show additional experimental data (gel
electrophoresis, CD spectra, NMR spectra, and UV melting
curves). This material is available free of charge via the Internet
at http://pubs.acs.org.
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