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ABSTRACT

Recently, the human telomeric d[TAGGG(TTAGGG)3]
sequence has been shown to form in K* solution
an intramolecular (3+1) G-quadruplex structure,
whose G-tetrad core contains three strands
oriented in one direction and the fourth in the oppo-
site direction. Here we present a study on the struc-
ture of the Bombyx mori telomeric d[TAGG(TTAG
G)s] sequence, which differs from the human coun-
terpart only by one G deletion in each repeat. We
found that this sequence adopted multiple G-quad-
ruplex structures in K* solution. We have favored a
major G-quadruplex form by a judicious U-for-T
substitution in the sequence and determined the
folding topology of this form. We showed by NMR
that this was a new chair-type intramolecular
G-quadruplex which involved a two-layer antiparallel
G-tetrad core and three edgewise loops. Our result
highlights the effect of G-tract length on the folding
topology of G-quadruplexes, but also poses the
question of whether a similar chair-type G-quadru-
plex fold exists in the human telomeric sequences.

INTRODUCTION

Guanine-rich DNA sequences can form four-stranded
G-quadruplex structures based on stacking of GeGeGeG
tetrads (1-5). G-rich sequences are found at the ends
(telomeres) of eukaryotic chromosomes, e.g. (TTAGG
G),, repeats in human, and G-quadruplexes formed
by these sequences represent attractive anticancer
targets (6,7).

The four-repeat human telomeric d[AGGG(TTAGG
G);] sequence was first shown in 1993 to form an intra-
molecular G-quadruplex in Na™ solution (8). In this
structure, four GGG segments form the G-tetrad core

involving three stacked G-tetrads; each strand has both
parallel and antiparallel adjacent strands; glycosidic con-
formations of guanines around each tetrad are
synesyneantieanti; three connecting TTA linkers form suc-
cessively edgewise, diagonal and edgewise loops. In 2002,
a K" -containing crystal structure of the same sequence
showed a completely different intramolecular G-quadru-
plex form (9). In this structure, all four strands are paral-
lel; all guanines are anti; the connecting TTA loops are
double-chain-reversal. In 2006, four-repeat human telo-
meric sequences have been shown to form two distinct
intramolecular (3+1) G-quadruplexes in K solution
(10-13). In these structures, the (3+1) core contains
three strands oriented in one direction and the fourth in
the opposite direction; the glycosidic conformations of
G-tetrads are syneantieantieanti and antiesynesynesyn;
there are one double-chain-reversal and two edgewise
TTA loops. These (3+1) G-quadruplex structures differ
from each other in the order of loop arrangements (13). In
particular, the human telomeric [ TAGGG(TTAGGG);]
sequence forms predominantly a (3+ 1) G-quadruplex in
K" solution as shown in Figure la (12).

Although many diverse G-quadruplex topologies are
known (1-5), so far very few G-quadruplexes with only
two G-tetrad layers have been reported. The best studied
system was the G-quadruplex of the thrombin aptamer
d(GGTTGGTGTGGTTGG) sequence (14), which forms
a chair-type G-quadruplex with three edgewise loops
(Figure 7b). In this structure, the core consists of two
G-tetrad layers, whose glycosidic conformations are
syneantissyneanti; each strand is antiparallel to its two
neighboring strands (14). Recently, Martino et al. (15)
used a 55 inversion-of-polarity site to re-engineer this
sequence to adopt a G-quadruplex topology with the
(3+1) core, while maintaining the three edgewise loops
(Figure 1b).

Here we examine the folding topology of the
d[TAGG(TTAGG);] sequence containing telomeric
repeats of Bombyx mori (16) and several other insects
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(16-18), which differs from the human telomeric [ TAGG
G(TTAGGG);] sequence only by one G deletion in each
repeat. Previously, it has been shown that some particular
intramolecular G-quadruplex topologies can be favored
by interactions between terminal and loop residues (13).
Because both sequences, d[TAGGG(TTAGGG);] and
d[TAGG(TTAGG)3], contain the same loop and terminal
residues and the former forms predominantly a (3+1)
G-quadruplex with three G-tetrad layers (Figure la),
one might expect the latter to form a two-layer (3+1)
G-quadruplex (Figure Ic). Instead, we found that a
major form of the B. mori telomeric d[TAGG(TTAG
G);] sequence is a new chair-type G-quadruplex with
anti-parallel G-tetrad core and three edgewise loops.
This result highlights the effect of G-tract length on the
folding topology of G-quadruplexes, but also poses the
question of whether a similar chair-type G-quadruplex
fold exists in the human telomeric sequences.

MATERIALS AND METHODS
DNA sample preparation

Unlabeled and site-specific 2%-'°N,"*C-labeled DNA oli-
gonucleotides were chemically prepared using products
from Glen Research and Cambridge Isotope
Laboratories. Samples were dialyzed successively against
~50mM KCI solution and against water. DNA concen-
tration was expressed in strand molarity using a nearest-
neighbor approximation for the absorption coefficients of
the unfolded species (19). Natural and T-to-U-modified
DNA oligonugleotides were assumed to have the same
extinction coefficient. Unless otherwise stated, all experi-
ments were carried out in a buffer containing 20 mM
potassium phosphate (pH 7.0) and 70 mM KCI.

Melting experiments

The thermal stability of different DNA oligonucleotides
was characterized by recording the UV absorbance at
295nm as a function of temperature (20) using a Varian
Cary 300 Bio UV-Vis spectrophotometer. The tempera-
ture ranged from 20 to 90°C. The heating and cooling
rates were 0.25°C per minute. Two baselines correspond-
ing to the completely folded (low temperature) and

completely unfolded (high temperature) states were man-
ually drawn in order to determine the fractions of folded
and unfolded species during the melting/folding transi-
tion. The melting temperature (7,,) was defined as the
temperature of the mid-transition point. DNA concentra-
tion ranged from 3 to 250 uM. Experiments were per-
formed with quartz cuvettes, 1cm path length for low
DNA concentrations and 0.2cm path length for high
DNA concentrations.

Thermal difference spectra

UV absorbance spectra for the unfolded and folded states
of an oligonucleotide were recorded at 90°C and 20°C,
temperatures, respectively, above and below its melting
temperature (7,,). The difference between these two spec-
tra was defined as the thermal difference spectrum (TDS).
The TDS could provide specific signatures of different
DNA and RNA structural conformations (21). Spectra
(220-320nm) were recorded on a Varian Cary 300 Bio
UV/Vis spectrophotometer using 1lcm path-length
quartz cuvettes. DNA concentration was 3 uM.

Circular dichroism (CD)

CD spectra at 20°C were recorded on a Jasco J-810
spectropolarimeter using a 1cm path-length quartz cuv-
ette in a reaction volume of 800 pl. Concentration of DNA
samples was 5SpuM. They were annealed at 95°C for 5min
then allowed to cool down to room temperature over sev-
eral hours. Scans from 220 nm to 320 nm were performed
with 200 nm/min scanning speed, 1nm pitch and 1nm
bandwidth. For each spectrum, an average of three
scans was taken, spectral contribution from the buffer
was subtracted, and the data were zero-corrected at
320 nm.

Nuclear magnetic resonance (NMR)

NMR experiments were performed on 600 MHz and
700 MHz Bruker spectrometers. The strand concentration
of the NMR samples was typically 0.5-2.5mM.
Resonance assignments were obtained using site-specific
low-enrichment labeling (22) and through-bond cor-
relations at natural abundance (23,24) (JRHMBC,
HMQC and TOCSY), and independently verified using

Figure 1. (a) Three-layer intramolecular (3+ 1) G-quadruplex with one double-chain-reversal and two edgewise loops observed for the human
telomeric sequence d[TAGGG(TTAGGG);] in K™ solution (12). (b) Two-layer intramolecular (3+1) G-quadruplex with three edgewise loops
formed by the re-engineered thrombin aptamer d(3’GGTY-5TGGTGTGGTTGG3') sequence (15). (¢) A possible model of two-layer intramolecular
(3+1) G-quadruplex with one double-chain-reversal and two edgewise loops. This topology was derived from the three-layer G-quadruplex fold
shown in (a) by removing the bottom G-tetrad. anti and syn guanines are colored cyan and magenta, respectively.



NOESY experiments. Inter-proton distances were mea-
sured using NOESY experiments.

RESULTS
B. mori telomeric sequences form G-quadruplexes

Imino proton NMR spectrum of the B. mori telomeric
d(TAGGTTAGGTTAGGTTAGG) sequence (Bm) in
K™ solution is plotted in Figure 2a. Sharp imino proton
peaks at 10-12ppm are characteristic of G-quadruplex
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Figure 2. Imino proton NMR spectra at 35°C of B. mori telomeric
sequences (a) Bm, d(TAGGTTAGGTTAGGTTAGG) and (b)
Bm-UI6, d(TAGGTTAGGTTAGGTUAGG) in K" solution. Imino
proton assignments of Bm-Ul6 are labeled with residue numbers.
Solution contained 70mM KCI and 20mM potassium phosphate,

pH 7.
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formation. The number and intensity of peaks in this
region indicated that there were multiple G-quadruplexes.
We found that the proportions of different forms varied
with sequence modifications (U-for-T and ®"U-for-T sub-
stitutions). This strategy was used previously to favor one
conformation among multiple G-quadruplexes (25).
Sequence d(TAGGTTAGGTTAGGTUAGG) (Bm-U16)
with a U-for-T substitution at position 16 favored a
major conformation (Figure 2b) allowing further struc-
tural characterization. The imino proton spectrum of
Bm-U16 displayed eight major peaks, consistent with for-
mation of a major G-quadruplex conformation involving
all guanines in the sequence. Comparison between the
spectra of Bm-UlI6 and Bm (Figure 2) suggested that the
structure of Bm-Ul6 was one of the conformations
adopted by Bm.

The NMR spectrum of Bm-Ul6 in Na' solution
(Figure Sla) was significantly different from that in K™
solution (Figure 2b); the number and intensity of imino
proton peaks suggested formation of multiple G-quadru-
plex conformations. In contrast, in a solution mimicking
physiological condition containing mixed cations (100 mM
K", 10mM Na®, 1mM Ca®" and 2mM Mg>") the spec-
trum of the same sequence (Figure S1b) was similar to that
observed in K solution (Figure 2b), indicating the pre-
dominance of the K "-containing G-quadruplex form.

TDS and CD signatures of Brn and Bm-U16

TDS of Bm and Bm-Ul6 were similar, with two positive
maxima at 240 nm and 275 nm and one negative minimum
at 295nm (Figure 3a), consistent with formation
of G-quadruplexes (21). Bm and Bm-UI6 exhibited very
similar CD spectra with a positive peak at 295nm and a
negative peak at 265nm (Figure 3b), consistent with for-
mation of antiparallel G-quadruplexes (26) in these
sequences.
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Figure 3. (a) TDS and (b) CD profiles of B. mori telomeric sequences Bm and Bm-U16 in K" solution. Spectra of Bm and Bm-UI6 are shown in red
and black, respectively. CD spectra were recorded at 20°C. Solution contained 70 mM KCI and 20mM potassium phosphate, pH 7.
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Stability and stoichiometry of Bm and Bm-U16

To assess the thermal stability of Bm and Bm-UI6, melt-
ing experiments were performed by monitoring the
UV absorbance at 295 nm (20). Typical denaturation pro-
files of Bm and Bm-Ul6 are shown in Figure 4a. The
decrease of the 295nm absorbance as the temperature
increases is characteristic of G-quadruplexes. At heating
and cooling rates of 0.25°C per minute, the melting
and folding profiles were superimposable indicating equi-
librium processes. The melting temperature of Bm and
Bm-UI6 in the presence of 90mM K was 41°C and
45°C, respectively (Figure 4a). These melting temperatures
were consistent with NMR measurements (data not
shown).

In order to determine the stoichiometry of the Bm and
Bm-Ul6 G-quadruplexes, we performed melting experi-
ments for different DNA concentrations. The fractions
of folded and unfolded species were determined using
two baselines corresponding to the completely folded
(low temperature) and completely unfolded (high tem-
perature) states. The normalized melting curves of Bm
and Bm-Ul6 for different DNA concentrations, ranging
from 3 uM to 250 uM, showed that the melting tempera-
ture (7,) was independent of sample concentrations
(Figure 4b). This indicated that the structures were mono-
meric intramolecular G-quadruplexes, consistent with the
observation of narrow linewidths of the some NMR peaks.

NMR spectral assignments of Bm-U16

Guanine imino protons of Bm-Ul6 were unambiguously
assigned by the site-specific low-enrichment approach (22)
(Figures S2 and S3). Guanine H8 protons were assigned
by natural-abundant through-bond correlations (23,24) to
the already assigned imino protons (Figure S4). Aromatic
protons (including eight guanine H8 protons) were
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independently traced in through-bond (HMQC and
TOCSY) and through-space (NOESY) correlation experi-
ments (24) (Figures 5 and S5). Peaks from the structured
and unfolded forms were identified based on their relative
intensities at different temperatures.

G-quadruplex topology of Bm-Ul16

The G-tetrad alignments of Bm-UI6 were identified from
NOESY spectra (Figure 6a) based on the specific imino-
H8 connectivity patterns around individual G-tetrads
(Figure 6b). This has established the alignment of two
G-tetrads:  G4¢G8¢G14eG18 and G3¢G19+G13.G9
(Figure 6a, c). Connecting corners of this G-tetrad core
with TTA loop linkers established a chair-type G-quad-
ruplex fold (Figure 7a). The G-tetrad core is of antipar-
allel-type, in which each G-tract is oriented in the opposite
direction with respect to its two neighboring ones. The
hydrogen-bond directionalities around the two G-tetrads
are of opposite directions, i.e. clockwise and anticlock-
wise. The G-tetrad core is characterized by two wide
and two narrow grooves (Figure 7a). Both wide and
narrow grooves in a G-quadruplex are defined between
two adjacent antiparallel strands (Figure 7a), however,
across the wide groove (denoted W) the GeG base pairing
occurs between the Watson—Crick edge of an anti guanine
and the Hoogsteen edge of a syn guanine, while across the
narrow groove (denoted N) the GG base pairing occurs
between the Watson—Crick edge of a syn guanine and the
Hoogsteen edge of an anti guanine. For Bm-UI6, the
glycosidic conformations of guanines in the G-tetrads
are antiesyneantiesyn. This G-tetrad alignment is consistent
with H1’-H8 NOE intensities observed for these residues:
four strong H1’-H8 peaks were observed for G3, G8, G13
and G18 (Figure 5 and data not shown). The G-tetrad
alignment (Figure 7a) is also consistent with other specific
NOE patterns (27) such as those detected for the four
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Figure 4. Melting curves of Bm (red) and Bm-UI6 (black). (a) UV absorbance at 295nm of 3 uM of Bm (right scale) and Bm-UI6 (left scale) as a
function of temperature. (b) The fractions of G-quadruplexes as a function of temperature for three different DNA concentrations: 3 uM (opened
circles), 30 uM (filled circles) and 250 uM (lozenge). Melting curves for different DNA concentrations were superimposable, indicating formation of
monomeric intramolecular G-quadruplexes. In each case, both heating and cooling curves are plotted. Solution contained 70 mM KCI and 20 mM

potassium phosphate, pH 7.



S'-syn-anti-3' steps in the structure (Figures 5 and S5). All
three linkers in the structure, T5-T6-A7, T10-T11-A12 and
T15-T16-A17, form edgewise loops. The T5-T6-A7 and
T15-T16-A17 loops span two wide grooves, while the cen-
tral T10-T11-A12 loop spans a narrow groove. Cross-
peaks between imino protons of the bottom G-tetrad
with loop aromatic protons (Figure 6) indicated the stack-
ing of base(s) below this G-tetrad.
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Spectral broadening and possible motions in loops

At temperatures below 35°C, the spectral broadening was
observed for several resonances including H6 protons of
thymines in the loops (Figure S5) and imino protons of G3,
G4, G13 and G14 in the core (Figure 2). These peaks were
sharpened when the temperature increased (Figure S6 and
data not shown). These findings were consistent with
microsecond-to-millisecond motions in the loops (28).

G3 G18

(b)

8.0 7.6 7.2

"H (ppm)

Figure 5. (a) Contour plot and (b) stacked plot of NOESY spectrum of Bm-UI6 at 25°C (mixing time, 300 ms). Rectangular H8-H1’ patterns for
5'-syn-anti-3' steps are highlighted by black lines. Intensity of H8-H1’ cross-peaks indicated the presence of four syn guanines. Strong H8-H1’ cross-
peaks are observed for G3, G13 and Gl18at 25°C. H8 and H1’ resonances of G8 are broadened at 25°C, reflecting motion(s) in this region. Peaks

from the unfolded species were labeled with a star.
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Figure 6. Determination of G-quadruplex topology for Bm-UlI6 in K solution. (a) NOESY spectrum (mixing time, 200 ms) of Bm-UI6 at 35°C.
Imino-HS cross peaks that identify two G-tetrads (colored green and red) are framed and labeled with the number of imino protons in the first
position and that of HS8 in the second position. (b) Characteristic guanine imino-H8 NOE connectivity patterns around a G,*Gp*G,*Gs tetrad as
indicated with arrows (connectivity between Ggs and G, implied). (¢) Characteristic guanine imino-H8 NOE connectivities observed for

G4¢GBG14+G18 (green) and G3¢G19+G13+GY (red) tetrads.
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(@)

Figure 7. Schematic structures of chair-type intramolecular G-quadruplexes observed for (a) the B. mori telomeric sequence Bm-UI6 in K" solution
(this work) and (b) thrombin aptamer sequence d(GGTTGGTGTGGTTGG) (Ref. 14). anti and syn guanines are colored cyan and magenta,

respectively. W and N represent wide and narrow groove, respectively.

DISCUSSION

We have shown that the four-repeat B. mori telomeric
d[TAGG(TTAGG);3] (Bm) sequence forms a chair-type
G-quadruplex which involves a two-layer antiparallel
G-tetrad core and three edgewise loops (Figure 7a).
Although chair-type G-quadruplexes are among the
most intuitive G-quadruplex folding topologies and have
been proposed for a long time (1-5), to our knowledge the
chair-type topology of Bm (Figure 7a) has not been
observed before. A similar topology was initially proposed
for the thrombin aptamer sequence d(GGTTGGTGTGG
TTGG) (29), but later corrected to another chair-type
G-quadruplex topology (Figure 7b) (14). Both these
chair-type G-quadruplexes have an antiparallel G-tetrad
core and three edgewise loops. However, they differ by
loop arrangements: in the structure of Bm (Figure 7a)
the central loop (located at the bottom of the G-tetrad
core) spans across a narrow groove and the two other
loops (first and third, located side by side at the top of
the G-tetrad core) span wide grooves, while in the struc-
ture of the thrombin aptamer (Figure 7b) the central loop
(bottom) spans a wide groove and the two remaining
loops (top) span narrow grooves. These loop arrange-
ments could be partially due to the linker lengths:
the first and third loops in the thrombin aptamer sequence
(TT) might be too short to span wide grooves. Our
structural modelling (Supplementary Data) suggested
that two-residue (TT) linkers were less favorable to
form edgewise loops across wide grooves than narrow
grooves. A similar conclusion was obtained from the mod-
elling study of Hazel er al. (30). In a NMR study of
G-quadruplexes formed by the two-repeat Tetrahymena
telomeric sequence d(TGGGGTTGGGGT) in Na+ solu-
tion (31), two-residue (TT) edgewise loops across wide
grooves were observed next to edgewise loops across
narrow grooves.

However, it should be noted that speculations on loop
conformations in G-quadruplexes based solely on loop
lengths might be oversimplified. Reported structures of
G-quadruplexes (1,2,11-15) including those of the throm-
bin aptamer sequences (14,15) indicated the contributions
of base pairing and stacking in the overall structure stabil-
ity. Base triads were observed in the G-quadruplex struc-
ture formed by the single-repeat Bombyx mori telomeric

sequence d(TAGG) in Na " solution (32). Our NMR data
on Bm-UI6 indicated that bases from the central loop and
terminal residues stacked under the bottom G-tetrad.
Spectral broadening suggested motions in this loop. At
the top of the structure, the two loops, T5-T6-A7 and
T15-T16-A17, can be called ‘adjacent antiparallel loops’
as viewed from the schematic structure (Figure 7a).
Spectral broadening in this region can be explained by
interconversions (or motions) between different possible
base pairing and stacking conformations in the top
loops. These could be compared to the motions previously
reported for quasi-symmetric loops of an i-motif
structure (28).

It is of great interest to be able to predict the
G-quadruplex topology based on the DNA sequence.
Effect of G-tract length on the topology of
G-quadruplexes was recently studied by Rachwal e al.
(33) in the context of d(G,T); and d(G,T,); sequences
(n = 3-7) using CD spectroscopy. The B. mori telomeric
d[TAGG(TTAGG)3] sequence studied here and the
human telomeric [ TAGGG(TTAGGG);] sequence have
a similar loops and termini; they differ from each other
only by one G in each repeat. While the human sequence
d[TAGGG(TTAGGG);] forms a (3+1) G-quadruplex
with three G-tetrad layers, one may ask whether the B.
mori sequence d[ TAGG(TTAGG);] can adopt a similar
topology with two G-tetrad layers. We have identified a
chair-type G-quadruplex, but did not rule out the
co-existence of a (3+1) G-quadruplex with two G-tetrad
layers in the B. mori sequenced [TAGG(TTAGG);]. Our
result highlights the effect of G-tract length on the folding
topology of G-quadruplexes; conformations the G-tetrad
core and the loops are tightly interrelated. Nevertheless, as
the chair-type G-quadruplex is identified for the B. mori
telomeric sequence, one may also ask the reverse question
of whether a similar chair-type conformation also exists in
the human telomeric sequences (10,34). Answer to this
question needs further investigation.

So far, with a few exceptions (35,36) searches for poten-
tial G-quadruplex forming sequences in the genomes have
been mainly focused on sequences containing tracts of at
least three consecutive guanines (37—44). The observation
of stable G-quadruplexes formed by B. mori telomeric
sequences advocates for the analysis of genomic sequences
containing tracts of two guanines.
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