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ABSTRACT

Vast G-quadruplexes (GQs) are primarily folded by
one, two, or four G-rich oligomers, rarely with an
exception. Here, we present the first NMR solution
structure of a trimolecular GQ (tri-GQ) that is solely
assembled by the self-trimerization of d(GTTAGG),
preferentially in Na* solution tolerant to an equal
amount of K* cation. Eight guanines from three
asymmetrically folded strands of d(GTTAGG) are or-
ganized into a two-tetrad core, which features a bro-
ken G-column and two width-irregular grooves. Fast
strand exchanges on a timescale of second at 17°C
spontaneously occur between folded tri-GQ and un-
folded single-strand of d(GTTAGG) that both species
coexist in dynamic equilibrium. Thus, this tri-GQ is
not just simply a static assembly but rather a dy-
namic assembly. Moreover, another minor tetra-GQ
that has putatively tetrameric (2+2) antiparallel topol-
ogy becomes noticeable only at an extremely high
strand concentration above 18 mM. The major tri-GQ
and minor tetra-GQ are considered to be mutually re-
lated, and their reversible interconversion pathways
are proposed accordingly. The sequence d(GTTAGG)
could be regarded as either a reading frame shifted
single repeat of human telomeric DNA or a 1.5 repeat
of Bombyx moritelomeric DNA. Overall, our findings
provide new insight into GQs and expect more func-
tional applications.

INTRODUCTION

As an important non-canonical DNA secondary structure
in vivo and in vitro, G-quadruplexes (GQs) have been in-
vestigated in many fields, including biology (1,2), medic-
inal chemistry (3-5), supramolecular chemistry (6,7) and
nanotechnology (8,9). A wide range of structural polymor-
phisms was regularly observed among GQs in terms of the
number and orientation of strands, number of stacked G-
tetrads, loop variations in length and spatial arrangement,
combination of syn and anti glycosidic bond conformations,
and dimensions of four grooves (10,11).

Vast GQs are folded primarily by one, two or four G-rich
oligomers (10). Notably, only three exceptions of forming a
trimolecular G-quadruplex (tri-GQ) were reported (12-14),
and none of the tri-GQs had obtained an atomic resolution
structure that was solved by the most structurally informa-
tive methods, neither X-ray of crystals nor nuclear magnetic
resonance (NMR) in solution.

In the first report of a tri-GQ assembled by three com-
pletely different G-rich strands (12), Mergny’s laboratory
inventively designed short duplexes as a guide to pre-locate
the G-rich tracts in spatial proximity, and then the forma-
tion of a defined tri-GQ structure was triggered by adding
a GQ-compatible Na* cation. However, this approach ac-
tually formed a junction between duplex segments and
quadruplex segments, rather than a purely discrete tri-GQ.
As Mergny pointed out, the formation of this tri-GQ assem-
bly was still highly dependent on the guidance of covalently
attached duplex segments. Currently, when using this ‘du-
plex guidance approach’, none of a purely discrete tri-GQ
has been achieved whenever the guiding duplex segments
are removed.
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Figure 1. (A) Schematic folding topology and (B) one representative car-
toon refined structure of a tri-GQ self-assembled by d(GTTAGG). Three
differently folded strands are represented in blue, green and red respec-
tively. The syn-guanines and anti-guanines are black and grey, respectively.
W, M, and N represent wide groove width, medium groove width and nar-
row groove width, respectively. I, I1, III, and IV indicate groove I, groove
11, groove III and groove IV, respectively. For clarity, the illustration of a
weakly formed Watson—Crick A:T base pair between red A4 and green T3,
capped with the tri-GQ core, is skipped.

Telomeric DNA consists of a tandem array of the short
G-rich repeat unit, d(GGGTTA) for humans (15,16) and
d(GGTTA) for silkworm Bombyx mori (17). The sequence
d(GTTAGG) that we examined in this work could be re-
garded as either a reading frame-shifted single repeat of hu-
man telomeric DNA or a less intact two repeat of Bom-
byx mori telomeric DNA. Here, we demonstrate, to the
best of our knowledge, the first NMR solution structure
of a tri-GQ assembled solely by the self-trimerization of
d(GTTAGG) in Na* solution (schematic Figure 1A).

This tri-GQ has two stacked G-tetrads and features
a novel three-stranded folding topology, a broken G-
column and two width-irregular grooves (schematic Fig-
ure 1A). In addition, NMR studies reveal that the tri-GQ
of d(GTTAGG) is not just simply a static structure but
rather is a dynamic assembly. Fast strand exchanges spon-
taneously occur on a timescale of second at 17°C, between
folded tri-GQ and unfolded single-strand of d(GTTAGG),
that both species coexist in dynamic equilibrium. Moreover,
this tri-GQ is preferentially stabilized by Na* cation, and
enables a tolerance to a slightly excessive (or at least an
equal) amount of K* cation. Collectively, our findings make
polymorphic GQ structures even more diverse, which po-
tentially contribute to more functional applications.

MATERIALS AND METHODS
Preparation of unlabelled DNA samples

The unlabelled DNA oligonucleotides were purchased from
Sangon Biotech (Shanghai) Co., Ltd. (China) and purified
by high-performance liquid chromatography (HPLC) using
a C18 reversed-phase separation column. Other chemicals
were purchased from Thermo Fisher Scientific Inc. (China).
The DNA samples were dialysed against the corresponding
concentration of Na* or K* solution to remove the con-
taminant. The DNA strand concentrations were then de-
termined by measuring the UV absorbance at 260 nm.
DNA samples were prepared mostly in 20 mM sodium
phosphate buffer of final 100 mM Na* at pH 6.8 if not
stated. The samples were heated at 95°C for 5 min and then
slowly annealed to room temperature before examination.

Nucleic Acids Research, 2021, Vol. 49, No. 4 2307

The sample strand concentration was 2.0 mM for the CD
measurements and 0.5-24 mM for the NMR experiments,
unless otherwise stated. The samples for NMR measure-
ment in D,O were prepared by freeze-drying and then re-
dissolved in 99.96% D,O.

Preparation of the sequence position-specifically '3C,!SN-
labelled DNA samples

We prepared three samples that were 100% '3C,'3N-labelled
specifically at G1, G5 and G6 positions respectively for
d(G1T2T3A4G5G6), using our in-house enzymatic synthe-
sis approach after appropriate optimisation and modifica-
tion of the previously reported methods (18-21). The details
of this in-house enzymatic synthesis approach are fully de-
scribed in another methodological manuscript (Wengiang
Fu and Na Zhang, in preparation). A brief description of
the preparation of sequence position-specifically labelled
samples is given here.

In general, position-specific DNA labelling combines two
steps of enzymatic polymerization reactions of deoxyri-
bonucleoside triphosphates (dNTPs), which are catalysed
by a Taq polymerase (Sangon, China). Taking a specific
dGl-labelling for the sequence of d(G1T2T3A4G5G6) as
an example, the first step utilizes a duplex that has two non-
blunt ends, which are designed to function as a template
for an enzymatic extension of the primer, as illustrated in
the schematic Supplementary Figure S17. Two individual
sequences of d(AAACTCGTAGCCA/rC/) (termed G1-F)
and d(CGTGGCTACGAGTTTTT) (termed G1-R), which
are partially complementary to each other (listed in Sup-
plementary Table S2), are slowly annealed together to form
this duplex (Supplementary Figure S17). Accordingly, the
dented 3'-terminus of GI1-F has a ribose cytosine (rC) as
the primer, while the protruding 5'-terminus of G1-R has
an overhung deoxyribose cytosine as a coding template (un-
derlined), which is ready for the first designated primer ex-
tension that is consistent with a partial filling strategy. On
the other hand, instead of designing a blunt end at another
terminal of this duplex template, one dented 5'-end of G1-
F integrated with another protruding portion of G1-R at
the 3’-end is emphasized purposely to prevent an undesired
primer extension and/or a possible non-templated addition
of nucleotides in the presence of a DNA blunt end.

The first elongation reaction incorporates a singly la-
belled guanine by using 100% uniformly '*C,'3N-labelled
dGTP (Cambridge Isotopes, USA). The enzymatic reac-
tion was performed with 0.02 mM G1-F and GI1-R, Taq
polymerase (Sangon, China), 0.03 mM !*C,!>N-labelled
dGTP (Cambridge Isotopes, USA) in 1 ml of 10 mM Tris—
HCI (pH 9.0), 50 mM KCI, 1.5 mM MgCl, and 0.1%
Triton X-100 (1 x reaction buffer). The mixtures were
heated at 95°C for 5 min and then placed at 55°C for
30 min. The polymerization was stopped by freezing and
thawing twice. After centrifugation in a 3000 K ultrafiltra-
tion tube, ultrapure water was added to the reaction sys-
tem to continue centrifugation twice to remove salt ions
and an excessive portion of '*C,'>N-labelled dGTP that
was unreacted in the reaction system. Next, 1x reaction
buffer, 0.04 mM unlabelled dATP, 0.08 mM unlabelled
dTTP, 0.08 mM unlabelled dGTP, Taq polymerase and 0.02



2308 Nucleic Acids Research, 2021, Vol. 49, No. 4

mM d(CCTAACGTGGCTACGAGTTTTT) (termed Go-
R) were added to the prior reaction system, which was al-
ready ultrafiltrated. The subsequent one-pot reaction was
continued via a polymerase chain reaction (PCR) cycle for
2 h. The desired sample product, namely, '3C,'>N-labelled
dGl1 of d(G1T2T3A4G5G6), was detached from the tem-
plate by selectively breaking the phosphodiester bond be-
tween this ribose rC and its 3’-flanking residue by alkaline
cleavage. The alkaline cleavage step involved adjusting the
pH of the reaction mixtures to 12 with KOH and incubating
the mixtures at 90°C for 30 min. The crude products were
purified using C18 reversed-phase high-performance liquid
chromatography (HPLC) with an elution of various com-
binations of triethylammonium acetate (TEAA) buffer and
acetonitrile. The overall yield of the procedure is approxi-
mately 40%, which can be readily scaled to lower or higher
quantity preparations. This approach is enough to prepare
0.25 ml of a 1 mM sample, which is sufficient for an NMR
microtube (Shigemi Inc.).

The preparation of the sequence-specifically labelled
dGS5 of d(GIT2T3A4G5G0O) is similar to the strategy that
was previously described using designed primers/templates
of G5-F, G5-R and G6-R (Supplementary Table S2).
Appealingly, the preparation of sequence-specifically la-
belled dG6 at the extreme 3’-end for the sequence of
d(G1T2T3A4G5G06) is even more straightforward and con-
venient through simply accomplishing the first elongation
reaction that incorporates the single labelled dG6 by us-
ing 100% uniformly '*C,'">N-labelled dGTP via designed
primers/templates of G6-F and G6-R (Supplementary Ta-
ble S2). The yield of the specially labelled dG6 sample
is ~60%. All oligonucleotides that are designed as corre-
sponding primers/templates (listed in Supplementary Table
S2) were chemically synthesized by Sangon Biotech (Shang-
hai) Co., Ltd. In addition, similarly using this in-house en-
zymatic strategy, we also singly 100% isotope-labelled the
sequence of d(G1-T2-T3-A4-G5-Go6) specifically at dT2 or
dT3 respectively, by means of 100% uniformly 3C,'>N-
labelled dTTP (Cambridge Isotopes, USA) and the de-
signed primers/templates accordingly.

To achieve the high sample concentration that is required
for certain experimental conditions, three 100% 3C,'N-
labelled samples, specifically at G1, G5, and G6 respectively
for d(GIT2T3A4G5G6), were mixed with an appropriate
amount of conventionally unlabelled d(G1T2T3A4G5G6).
The resulting samples that were 50—60% '3C, ’N-enriched
specifically at G1, G5, and G6 respectively, were pre-
pared with a final total strand concentration of 0.6—1.0
mM, whereas in an extreme case, the approximately 1-4%
3C,1°N-low enriched samples with an 18 mM strand con-
centration were also achieved.

Nuclear magnetic resonance (NMR) spectroscopy

NMR data were collected on 500, 600 and 850 MHz Bruker
spectrometers with cryoprobes at 3-36°C. Two-dimensional
total correlation spectroscopy (TOCSY) with a mixing time
of 80 ms, "H-'3C heteronuclear multiple bond correlation
(HMBC), 'H-’N heteronuclear single quantum correla-
tion (HSQC), 'H-'3C HSQC, and nuclear Overhauser ef-
fect spectroscopy (NOESY) spectra in H,O (containing

10% D,0, a mixing time of 250 ms) and in 100% D,0O
(mixing times of 50, 200 and 300 ms) were recorded for
resonance assignment and structural identification. Two-
dimensional diffusion ordered spectroscopy (DOSY) spec-
tra were recorded with various diffusion times (60, 120, 200,
300 and 500 ms) at 32°C in H,O (containing 10% D,0O). Wa-
ter suppression either by gradient-tailored excitation (WA-
TERGATE) or jump-return pulse sequence was employed
in experiments for 10% D, O samples, and by pre-saturation
pulse sequence for 100% D,0O samples. All data sets were
processed and analysed using Bruker Topspin 3.2 and Ccp-
Nmr Analysis software (version 2.4.2) (22).

Two-dimensional rotating frame Overhauser effects spec-
troscopy (ROESY) spectra (mixing time of 300 ms) were
recorded to verify the chemical exchange phenomena. To
determine the exchange rate between the unfolded portion
of single stranded d(GTTAGG) and the folded trimolecu-
lar GQ, two-dimensional exchange spectroscopy (EXSY)
spectra (mixing times of 50-500 ms) were obtained in
D,0O at 17°C. The well-resolved exchange cross-peaks of
Go6 (green), G5 (blue), and G5 (red), as illustrated in the
schematic Supplementary Figure S8, respectively with their
corresponding unstructured d(GTTAGG) signals in each of
the EXSY spectra, were extracted for integrals. Ratios be-
tween the exchange cross-peaks and corresponding diago-
nal peaks (I./14) were calculated and then linearly fitted as
a function of mixing time (1,,). As previously reported (23),
the slope of the fitted line gives an estimate of the exchange
rate ke based on a two-site exchange model.

Circular dichroism (CD) spectroscopy

CD measurements were carried out using a Chirascan (Ap-
plied Photophysics) circular dichroism spectrometer with
a 1-mm path length quartz cuvette. Setting parameters:
temperature, 10°C; scan range, 200-340 nm; scan rate, 1
nm/step; and time point, 0.25 s. An average of three scans
was taken for each measurement, and the baseline was cor-
rected with the same buffer. The CD data were processed
by Pro-Data Viewer (Chirascan) and further plotted with
OriginPro 9.0. The Chirascan (Applied Photophysics) cir-
cular dichroism spectrometer can handle much more con-
centrated DNA samples at sub mM without signal overflow
(24).

NMR structure calculation

The distance restraints of nonexchangeable protons were
derived from the '"H-'H NOESY spectrum in 100% D,O
(mixing time of 300 ms) processed by CcpNmr Analysis
2.4.2 (22). The peak intensities (volume) that correspond
to a known distance are used for calibration. This pro-
cess is based upon the r® distance dependence of the NOE
cross-peak intensities (25). The distance of the independent
thymine H6-CHj cross-peak was set to 2.99 A as the dis-
tance reference (26). The lower and upper bounds were as-
signed to 20-30%. The exchangeable proton restraints were
inferred from NOESY spectra (mixing times of 60 and 250
ms, respectively) in H,O. These distances were classified as
strong (2.7 £ 0.9), medium (3.8 & 1.2) or weak (5.0 £ 1.5)
A, respectively, according to the intensities of the cross-



peak volumes in the NOESY spectra. Eighteen hydrogen-
bonding restraints were added to retain the hydrogen bond-
ing within individual G-tetrads and A-T base pairs. The gly-
cosidic x torsion angles of syn and anti bases showed strong
and medium H1’-H8/H6 cross-peaks on the 50 ms NOE
spectrum in D,O (Figure 3C), which were set to 65° + 25°
and 220° + 30°, respectively, as previously described (27).

The structure of this trimolecular G-quadruplex was de-
termined by molecular dynamics- simulated annealing com-
putations that were driven by NOE distance, dihedral an-
gle, and hydrogen bonding restraints using the XPLOR-
NIH program version 3.0.3 (28). First, iterative structure
calculations were performed. A set of folded structures were
generated from an extended conformation with satisfied co-
valent geometry by enforcing distance, torsion angle, and
base-pair planarity restraints following the previously re-
ported protocol (29,30). The force constants were scaled at
1 and 200 kcal mol~' A~2 for distance restraints and hy-
drogen bond constraints. The unambiguous restraints were
incorporated, and the best structure with the lowest energy
and an acceptable number of violations was employed as
the structure for the next round of refinement. In this man-
ner, an increasing number of NOE distance restraints could
be included in the structure calculations. Second, structure
refinement was performed (31). The best folded structure
based both on their minimal energy terms and the number
of NOE violations from the first step was input as a start file
for refinement, and a total of 200 structures were generated.
In this step, the scale of planarity was decreased to 0.5 kcal
mol~! A~2. In total, 308 distance restraints were applied in
the structural calculation. Eventually, the ten best refined
structures based on the lowest energy and lowest number of
NOE violations were selected as the representative solution
structures for this tri-GQ of d(GTTAGG). Subsequently,
these ten best representative solution structures were vali-
dated by the wwPDB validation system and deposited in
the Protein Data Bank (PDB ID: 6M05). The refined struc-
tures were displayed using PyMOL (32). The chemical shifts
have been deposited in the BioMagResBank under acces-
sion code 28081.

RESULTS AND DISCUSSION
A single GQ formation of d(GTTAGG) in Na* solution

In the one-dimensional proton 'H NMR spectrum of
d(GTTAGG) with a 0.5 mM strand concentration in 100
mM Na* solution at 3°C and pH 6.8, eight sharp guanine
imino proton signals were well resolved between & 10.8 and
12.0 ppm, the characteristic region for GQ formation (Fig-
ure 2A). The peak intensities of every guanine imino proton
remained uniformly equivalent over a considerable range of
temperature variations from 3 to 36°C (Supplementary Fig-
ure S1), which is consistent with the formation of a single
GQ structure as the major folded species.

NMR validation of the self-trimerization of d(GTTAGG) us-
ing sequence position-specifically 13C,'5N-labelled samples

Usually, based on a sequence-specific, low-enrichment ap-
proach (33), guanine imino protons could be unambigu-
ously assigned using samples that are generally 2-8% '"N-
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Figure 2. (A) Expanded imino proton region of the one-dimensional 'H
NMR spectrum of d(GTTAGG) as a reference. (B) Guanine imino pro-
ton assignments from '’ N-filtered spectra of sequence-specifically labelled
samples that are 100% '3C, ®N-labelled specifically at the indicated posi-
tions of d(GIT2T3A4G5G6). (C) Expanded non-exchangeable base pro-
ton region of the one-dimensional 'H NMR spectrum of d(GTTAGG) as
a reference. (D) Guanine H8 proton assignments using two-dimensional
'H-13C HSQC experiments on the sequence-specifically labelled sam-
ples that are 50-60% '3C,">N-enriched at the indicated positions of
d(GIT2T3A4G5G6). For clarity, only the guanine resonance assignments
are shown with specific residue numbers according to the top inset se-
quences. Three differently folded strands of the tri-GQ structure are repre-
sented by blue, green and red respectively, the same as those strands illus-
trated in the schematic Figure 1A, whereas the coexisting unfolded portion
of single-stranded d(GTTAGG) is shown in black. Experimental condi-
tions: strand concentration, 0.5 mM unlabelled DNA in (A); 0.4-0.6 mM
100% 3C, 1’N-labelled DNA in (B); 3.5 mM unlabelled DNA in (C); 0.6—
1.0 mM 50-60% '3C, ">N-enriched DNA in (D), 100 mM NaCl, 20 mM
phosphate buffer (pH 6.8), 10% D,0, 3°C.

labelled at a designated position by solid-phase synthesis.
However, this chemical approach is still unable to isotopi-
cally label the last residue at the extreme 3’-end. Instead,
we prepared three samples that were 100% '3C, >N-labelled
specifically at G1, G5, and in particular at G6 individu-
ally for sequence d(G1T2T3A4G5G6), which is based on
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our in-house enzymatic approach at a considerably afford-
able price, as described in the labelled-sample preparation
of MATERIALS AND METHOD.

All eight guanine imino protons shown in Figure 2A were
assigned unambiguously to their positions in the sequence
of d(G1T2T3A4G5G6) based on the relatively enhanced in-
tensity in the '’ N-filtered spectra (Figure 2B). Notably, each
spectrum of a singly labelled sample specifically at either
G5 or G6 positions exhibited three sharp imino peaks with
equivalent intensity, whereas only two sharp imino peaks
were observed for that of G1 (Figure 2B). This unique pat-
tern was consistent with the presence of three conforma-
tionally distinct strands of d(GTTAGG) that were adopted
in a single tri-GQ structure, as illustrated in the schematic
Figure 1A.

For this trimolecular GQ in Figure 1, except red G1
which actually acted as an overhung residue without hy-
drogen bonding, eight other guanine residues from three
coloured strands were involved in the G-tetrad constructs.
Once hydrogen-bonded, the imino proton would become
sharp enough to be detectable by NMR. In this regard, only
two sharp hydrogen-bonded imino proton signals for G1
from both green and blue strands were actually detected,
whereas every three sharp hydrogen-bonded imino proton
signals for either G5 or G6 residues respectively were ob-
served in this asymmetrically three-stranded tri-GQ (Figure
2B).

The observed number of non-exchangeable base H8 pro-
tons at 6.8—8.8 ppm (Figure 2D), using samples 50—60%
13C,PN-enriched specifically at G1, G5 and G6 individu-
ally, as prepared in MATERIALS AND METHOD, once
again confirmed the presence of three differently structured
strands in this tri-GQ. This three-stranded feature of tri-GQ
is evidenced by an exhibition of every three structured base
HS8 proton signals (shown in red, green and blue), in ad-
dition to another coexisting unstructured (shown in black)
base HS proton signal for each sample, in which only a sin-
gle guanine is specifically labelled (Figure 2D).

NMR validation of the self-trimerization of d(GTTAGG) us-
ing unlabelled sample

Moreover, using the conventionally unlabelled sample of
d(GTTAGG) as an alternative, the NMR signals that have
a characteristic region of chemical shift, such as adenine-
H2 and thymine methyl CH3 protons, were monitored to
validate the unique presence of three distinct strand confor-
mations for this folded tri-GQ of d(GTTAGG). This find-
ing was confirmed by the observations of three adenine-H2
protons with equal intensity in 'H-'3C heteronuclear single
quantum correlation (HSQC) experiments and six methyl
signals of thymines with equal intensity either in 'H-13C
HSQC or in total correlation spectroscopy (TOCSY) ex-
periments (Supplementary Figure S3). Conversely, only a
single set of signals that belongs to the unfolded portion of
d(GTTAGG) coexisted in equilibrium (Supplementary Fig-
ure S3).

Overall, the crucial determination of three differently
folded strands of d(GTTAGG) that were simultaneously
adopted in this novel tri-GQ assembly was thoroughly val-
idated by NMR.

NMR assignments of tri-GQ assembled by d(GTTAGG)

The sequence-specific assignments of guanine imino and H8
protons of d(G1T2T3A4G5G6) were first unambiguously
achieved respectively using 100% and 50-60% C,'N-
labelled samples individually at G1, G5 and G6 (Figure
2). Next, all residues had to be sorted into each of three
conformationally distinct strands for this folded tri-GQ of
d(GTTAGG). The strand-specific assignments of nonex-
changeable protons were subsequently completed by using
H8/6-H1’ NOE sequential connectivity, which is particu-
larly inevitable for any asymmetrically folded structure. As a
result, the non-exchangeable base H§/6 and sugar H1' pro-
ton resonances that belong to each conformationally dis-
tinct strand were eventually sorted into three kinds: blue,
green and red (Figure 3B).

Subsequently, the through-bond correlation spectrum
(HMBC) between imino protons and H8 protons via '3C5
(34) further established strand-specific assignments for ex-
changeable guanine imino protons (Figure 3D), which is
one critical step for solving any asymmetrically folded
GQ structure. Accordingly, eight sharp guanine imino
protons were sorted into three differently folded strands
of d(G1T2T3A4G5G6) individually, including three green
guanines (G1, G5, and G6), three blue guanines (G1, G5,
and G6), and two red guanines (G5 and G6). For red G1, its
base H8 proton assignment has been verified either by NOE
sequential walking or unambiguously by using '*C,'>N-
labelled /enriched samples specifically at G1. However, there
was no observation of a through-bond correlation between
this pre-assigned red G1-HS8 proton and any imino proton,
supporting that red G1 was not hydrogen-bonded, and thus,
no imino proton signal is detected. Moreover, another val-
idation of the overhung red G1 without hydrogen bond-
ing was further examined upon titration with paramagnetic
Cu’* based on the effect of paramagnetic relaxation en-
hancement (PRE), as described in the Supplementary text
and Figure S6.

Overall, the sorting of these guanine imino protons based
on NOE sequential walking and HMBC (Figure 3B and D)
was consistent with the independently observed hydrogen-
bonding pattern that was unambiguously assigned using the
sequence-specifically labelled samples (Figure 2). Accord-
ingly, the same results were cross-checked by different ex-
perimental approaches, which further verified the correct-
ness of NMR assignments. The complete chemical shift
assignments of imino, amino, base and sugar protons are
listed in Supplementary Table S1.

NMR structural identification of tri-GQ folded by self-
trimerization of d(GTTAGG)

Analysis of characteristic NOEs between guanine imino
and HS8 protons (Figure 3E) revealed the formation of
a trimolecular GQ, as shown in the schematic Fig-
ure l1A. Except for red GIl, which actually acted as
an overhanging residue without hydrogen bonding, eight
other guanine residues from three conformationally dis-
tinct red, blue and green strands built up a core of
two-stacked G-tetrads, namely, GSpiue: G6rea-GOgreen*Gliue
and Go6pjue-Glgreen'GSgreenGSred (Figure 3F). The hydro-
gen bond directionalities of these two G-tetrads are anti-
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Figure 3. NMR spectral assignments to determine the tri-GQ folding topology of d(GIT2T3A4G5G6). (A) Expanded region (7.0-8.7 ppm) of the one-
dimensional 'H spectrum for the fully assigned non-exchangeable base protons of d(GTTAGG) in D,0 at 15°C. For clarity, the resonance assignments
are shown with specific residue numbers according to the top inset sequences. Three conformationally asymmetric strands folded in the tri-GQ structure
are represented by blue, green and red respectively, the same as those strands illustrated in the schematic Figure 1A; the coexisting unfolded single strand is
shown in black. Peaks of adenine H2 protons are labelled with asterisks. (B) H8/6-H1’ sequential connectivity in the NOESY spectrum (300 ms mixing time)
in DO at 15°C. Intra-residue NOEs are labelled with residue numbers according to the top inset sequence. The missing inter-residue cross-peak marked
by the open box can be observed at a lower spectral contour level. Intra-residue NOEs of unfolded species are labelled in black. The NOE cross-peaks
between green G1 and blue G1 residues, which support the spatial arrangement of a broken G-column in tri-GQ, are assigned as follows: a, G1H8(green)-
GI1HT1’(blue); b, G1H8(blue)-G1H1'(green). (C) Stacked plot of the two-dimensional NOESY spectrum (50 ms mixing time) of d(G1T2T3A4G5G6) in
D, 0 at 12°C, which shows strong intra-residue H8-H1’ cross-peaks for the syn guanines. (D) HMBC spectrum that shows the through-bond correlations
between imino H1 and base H8 protons from the same guanine residue via 'C5 at natural abundance. The HMBC experiment was conducted at 20°C in
order to resolve the imino protons of red G6 and blue G5. (E) NOESY spectrum (250 ms mixing time) in HyO at 10°C, which shows the inter-residue NOE
cross-peaks between guanine imino H1 (vertical axis) and base H8 (horizontal axis) protons within the same layer of each G-tetrad. The characteristic
H1-HS cross-peaks are framed and labelled with a residue number of HI and H8 protons in the first position and second position, respectively. Other strong
NOE peaks attributed to adenine H2/H8 and guanine H1 are also marked. (F) Specific HI-H8 NOE connectivity pattern around a G-tetrad indicated with
arrows. (G) Schematic folding topology of d(GTTAGG), the same as shown in the schematic Figure 1A. Experimental conditions: strand concentration,
13.6 mM; temperature as indicated; 100 mM NaCl; pH 6.8.

clockwise and clockwise respectively (viewed from the top,
shown in Figure 3F and G).

These two stacked G-tetrads with opposite hydrogen-
bond directionalities were expected to have characteristic
imino-imino proton NOEs between two head-to-head gua-
nines, each from two different G-tetrads (schematic Figure
1A). Clear observations of the corresponding imino-imino
NOEs, including those of G6green—Glgreen, G6red—GSgreens
and G5.eq—GSppe (Supplementary Figure S4), support the
folding topology of the tri-GQ adopted by d(GTTAGG),
whereas the chemical shift difference between the imino

protons of G6ppe and Glyy,e is too small to detect the ex-
pected NOE.

The strong intensities of intra-residue H8-H1” NOE
cross-peaks (Figure 3C) indicate the adoption of a syn gly-
cosidic conformation for all three G5 residues, which be-
long to three differently folded strands (green, blue and red).
Although it actually acted as an overhanging residue with-
out hydrogen bonding, red G1 still adopted a syn glycosidic
conformation. This behaviour is similar to the observations
reported in the literature (35,36). Likely, this overhung red
G1 is stabilized by a hydrogen bond between the 5'-terminal
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Table 1. NMR restraints and structure statistics

A. NMR Restraints

Total number of DNA distance restraints 308
Exchangeable distance restraints 51
Nonexchangeable distance restraints 257
Inter-residue restraints 108
Intra-residue restraints 200

Hydrogen bonding restraints 18

Torsion angle restraints 18

B. Structural statistics

NOE violations _

Number > 0.2A . 2.3+1.3
Maximum violations (A) 0.329
rms deviation of violations 0.029+0.004

Deviation from the ideal covalent geometry
Bond length (A) 0.00340.000
Bond angle (°) 0.38140.007
Impropers (°) . 0.226+0.004

Pairwise rms deviation (A) (10 refined

structures)

G-tetrad core 0.609+0.128
All heavy atoms 1.209+0.252

hydroxyl group and N3 of guanine at the 5'-terminus in a
syn glycosidic conformation.

Moreover, the formation of a much less stable Watson—
Crick A:T base pair between A4 of red strand and T3 of
green strand were detailed in the Supplementary text and
Figure S18. However, this capping Watson—Crick A:T base
pair is too weak to be a critical factor that impacts on the
stability of entire tri-GQ assembly.

Solution structure of this tri-GQ adopted by d(GTTAGG)

The overall solution structure was calculated based on
NMR restraints using X-PLOR-NIH programs. The NMR
restraints and structural statistics are listed in Table 1. Ten
superimposed lowest-energy structures are displayed in Fig-
ure 4A. The coordinates of these ten structures of tri-GQ
have been deposited in the Protein Data Bank (accession
code 6MO05). The G-tetrad core of tri-GQ converged well,
with a root mean squared deviation (R.M.S.D.) of 0.609
4 0.128 A. The edgewise loops and overhung red G1 were
more flexible than the G-tetrad core. A representative re-
fined structure is shown as a ribbon representation in Figure
1B.

Broken G-columns composed of non-contiguous gua-
nine backbones have been occasionally observed in GQs
(37-40). Here, the tri-GQ of d(GTTAGG) with two stacked
G-tetrads has three conventionally contiguous G-columns
of the G5-G6 tracts from the red, blue and green strands
and the fourth broken G-column, which is composed of two
G1 guanines from two different strands of green and blue.
The critical NOEs specifically observed between green G1
residues and blue G1 residues (Supplementary Figure S5)
verified the spatial arrangement of this broken G-column
in tri-GQ.

In general, the basic requirement for forming a stable GQ
was the association of two-stacked tetrads with the same
groove-width combinations (41,42). However, several ex-
ceptions of the width-irregular grooves, in which the width
combinations were variable along a single groove, have

C Groove | Groove I

e

Narrow

i Narrow
MediuMedum

Groove Il

Groove IV

Figure 4. Solution structure of tri-GQ adopted by d(GTTAGG). (A) Su-
perpositioned stereo view of ten lowest-energy intensity-refined structures.
(B) Stacking of the top tetrad G6(green)-G1(blue)-G5(blue)-G6(red) over
the bottom tetrad GS5(green)-G5(red)-G6(blue)-G1(green). The guanine
bases of the top G-tetrad and bottom G-tetrad are shown in orange and
purple, respectively. The backbones of three differently folded strands in
tri-GQ are shown in green, blue and red. Guanines from the top G-tetrad
are labelled using larger fonts, whereas guanines from the bottom G-tetrad
are labelled using smaller fonts. (C) Surface representations of tri-GQ
adopted by d(GTTAGG). The planes of the top G-tetrad and bottom G-
tetrad are shown in orange and purple, respectively, and each groove width
is labelled.

been observed in certain GQs that also have a broken G-
column (39,40). For tri-GQ of d(GTTAGG), as shown in
Figures 1 and 4C, there are two conventional width-uniform
grooves: one all-medium (I) groove and another all-narrow
(IT) groove. Notably, the other two width-irregular grooves
(IIT and 1V) are also well adapted. Each of these width-
irregular grooves contains one medium-width groove next
to another wide groove (M next to Wy, My next to Wyy,
Figure 1A). This unique dimension of the width-variable
grooves is expected to provide a distinctive target platform
for potential GQ-specific binders.



Fast strand exchanges between the folded tri-GQ and un-
folded single-strand species of d(GTTAGG)

In addition to those of three asymmetrically folded
d(GTTAGG) strands, another single set of signals from
the unfolded d(GTTAGG) species that coexisted in equi-
librium, was also observed (Figures 2C, 2D and 3A;
Supplementary Figures S2 and S3). These unstructured
d(GTTAGG) signals became much more apparent at either
an evaluated temperature (Supplementary Figure S2A) or
a more diluted DNA concentration (Supplementary Figure
S2B). A set of cross-peaks that arise from aromatic reso-
nances was observed, notably each for a single residue of
d(GTTAGAQG) in different folding states, between a struc-
tured strand of tri-GQ and the unstructured single strand,
as shown in the expanded region of the rotating frame
Overhauser effect spectroscopy (ROESY) spectrum at a
mixing time of 300 ms (Figure 5B). Since they had the
same phase as the diagonal peaks (Figure 5B), these cross-
peaks were actually identified as exchange peaks rather than
ROE peaks (43). The full spectrum of ROESY and other
observed exchange cross-peaks in either expanded H1’ or
methyl proton regions are shown in Supplementary Figure
S7.

Furthermore, EXchange spectroscopy (EXSY) spectra at
various mixing times, which range from 50 to 500 ms, were
also collected (Supplementary Figure S8). These observa-
tions revealed that fast strand exchanges between the struc-
tured tri-GQ and the unstructured single-strand species of
d(GTTAGG), spontaneously occur on a timescale of sec-
ond at 17°C as illustrated in Figure 5C. Thus, this tri-GQ
is not just simply a static structure, but rather it is a dy-
namic assembly. This dynamic behaviour may be taken ad-
vantage of as an important feature for DNA GQ-based nan-
otechnology in the future. As a note, when compared with
other guanines that assemble into this dynamic tri-GQ core
of d(GTTAGG), blue G1 acts even more dynamic due to a
relatively weaker stability, as detailed in the Supplementary
text and Figures S14 and S15.

The detection of a fast local conformational switch from
milliseconds to seconds by ROESY or EXSY for an in-
tramolecular GQ has been reported (43,44). Unlike this tri-
GQ of d(GTTAGG) which has two tetrads, most other re-
ported GQs have a minimum of three tetrads; thus, they
are normally too stable to permit fast millisecond/second
strand exchange. Instead, a much slower strand exchange
was detected by gel shifts between a tetrameric GQ and a
fluoresce-labelled homologous strand, in a real-time man-
ner in hours (45,46).

Tri-GQ folded preferentially in Na* solution enables toler-
ance to an equal amount of K* cations

Notably, the formation of a GQ was quite often deter-
mined to be much more K*-prone (47-51), rarely with ex-
ceptions (52,53). The detection of a K*-prone GQ can even
be achieved in a mixture of minimal K* cations and simulta-
neously excessive Na* cations (54). Conversely, most GQs,
although well prefolded in Na* solution, were still unable
to tolerate an equal (or even substantially lesser) amount of
K™ cations.
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Figure 5. (A) Expanded region (7.0—8.7 ppm) of the one-dimensional 'H
spectrum for the fully assigned base H8/6 protons of d(GTTAGG) as a ref-
erence. Three different strands of the tri-GQ structure are shown in blue,
green and red respectively, as shown by the schematic topology in Figure
1A, whereas the coexisting unfolded portion is shown in black. Peaks of
the adenine H2 protons are labelled with stars. (B) Expanded aromatic pro-
ton region of the ROESY spectrum (mixing time: 300 ms) of d(GTTAGG)
recorded at 17°C. The cross-peaks that show the same phase as that of
the diagonal peaks in ROESY are due to strand exchange between the
unfolded single strand species and the folded tri-GQ assembly (55). For
clarity, only the observed cross-peaks that belong to a strand exchange
are framed and labelled with residue numbers, whereas other expected
strand exchange cross-peaks are invisible because of their poorly resolved
chemical shifts. Experimental conditions: 21 mM DNA strand concentra-
tion, 100 mM NacCl, 20 mM phosphate buffer (pH 6.8), 100% D,O. (C)
Schematic of a dynamic tri-GQ assembly, in which fast strand exchanges
spontaneously occur between the coexisting unstructured single strand of
d(GTTAGG) and the structured tri-GQ.

Unlike only a single tri-GQ assembly adopted in Na™* so-
lution alone, the folding of d(GTTAGG) in K" solution
alone essentially yielded a mixture of multiple structures
(Figure 6B, top). To examine how much K* cations could
be tolerated by this tri-GQ that is well prefolded in Na* so-
lution, one-dimensional "H NMR titrations were carried
out. Increasing amounts of K* cations were titrated step-
wise into a 100 mM Na™ solution of d(GTTAGG). Notably,
the original NMR signals that belong to Na*-stabilized tri-
GQ at 10—12 ppm were sustained at the titration point of a
100 mM equimolar mixture of K* and Na* solution (Figure
6A). Even when an additional 150 mM K* was mixed, the
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Figure 6. Expanded imino proton region of one-dimensional 'H NMR
spectra of d(GTTAGG) monitors the Na*™-K™ switch titrations. (A) Start-
ing in a 100 mM Na™ solution and thereafter sequentially adding vari-
ous amounts of K* cations at the indicated concentrations. (B) Reversely
starting in a 100 mM K™ solution and thereafter sequentially adding vari-
ous amounts of Na™ cations at the indicated concentrations. Experimental
conditions: 2 mM DNA strand concentration, 20 mM phosphate buffer
(pH 6.8), 3°C.

resulting spectrum still mostly resembled the tri-GQ struc-
ture folded in the presence of Na™ solution exclusively (Fig-
ure 6A). The reverse titrations (Figure 6B) that were ob-
tained by adding increasing amounts of Na* cations into
a 100 mM K* solution of d(GTTAGG) also revealed that
the formation of this tri-GQ is preferred in Na* solution
over an equal amount of K* cations. Moreover, the result of
Na*-K™" cation competitive titration by CD (Supplemen-
tary Figure S16), which is detailed in the supplementary
text, showed agreement with that of the previously men-
tioned NMR studies above. Overall, the NMR and CD
titrations demonstrated that this Na*-stabilized tri-GQ of
d(GTTAGG), can be tolerant of a slightly excessive (or at
least an equal) amount of K* cations.

Formation of the minor tetrameric GQ is favourable at an
extremely high strand concentration and a high temperature

Within a GQ characteristic region of 1012 ppm, four aster-
isked minor guanine imino proton peaks with an equivalent
intensity for a single GQ became more evident, however,
only when an extremely enhanced sample strand concen-
tration of more than 18 mM was reached (Supplementary
Figure S11A). The guanine identities of these asterisked mi-
nor imino proton peaks were confirmed by 'H-'>N HSQC
(Supplementary Figure S12) according to the characteristic
ISN1 chemical shifts at approximately 145 ppm. The minor
peak intensities of every asterisked guanine imino proton
remained uniformly equivalent over a considerable range
of temperature variations from 28 to 36°C (Supplementary
Figure S11C), which is consistent with the formation of a
single GQ structure for this minor folding form.

In the DOSY spectrum at a diffusion time of 60 ms (Sup-
plementary Figure S11B), the asterisked minor GQ diffused
relatively slower than that of major tri-GQ, suggesting that
this asterisked minor GQ either had a higher molecular-
ity or a looser structure than that of major tri-GQ, which
has a smaller molecularity and/or a more compact fold-
ing. In fact, the proposed tetrameric GQs, which have a
two-tetrad core with four flexible overhangs, would lead to
a looser structure (schematic Supplementary Figure S10).

Conversely, once the broken G-column which consists of
two otherwise overhung G1 s was formed, tri-GQ was ex-
pected to have a relatively more compact structure.

In theory, an evaluated sample strand concentration
favours the formation of a multiple-stranded assembly with
a higher stoichiometry rather than a lower stoichiometry.
Indeed, the formation of a tetrameric GQ (as asterisked in
Supplementary Figure S11A) became more noticeable (but
still as the minor population), however only when an ex-
tremely enhanced sample strand concentration of 18 mM or
higher was reached. In addition, the temperature-variation
studies showed that the structure of tetrameric GQ is rela-
tively more stable at high temperatures, whereas tri-GQ is
more favourable at low temperatures (Supplementary Fig-
ure S11C).

Proposed interconversion between the major tri-GQ and the
minor tetrameric GQ with a putative (2+2) antiparallel topol-

ogy

Considering the fluid and dynamic nature of strand ex-
change for this tri-GQ assembly, the broken column would
have many chances to sense a potential competition of
strand displacement by the consecutive G-tract G5-G6
of unfolded single strand d(GTTAGG), which coexists in
a dynamic equilibrium. Once this strand displacement is
achieved, a tetramolecular GQ is formed, which produces
a two G-tetrad core with all four 5'-G1 residues overhung
out, as proposed in schematic Supplementary Figure S10.

In an opposite process, the hydrophobic nature of DNA
aromatic bases for these overhung G1 residues of a newly
formed tetramolecular GQ would tend to avoid exposure
to the polar water solvent. Accordingly, the spare overhung
G1 residues had an inherent preference to participate, as
much as possible, in a stacked G-tetrad core with the same
hydrophobic nature. As a result, these two otherwise over-
hung residues for blue and green G1 s of this newly formed
tetrameric GQ were still willing to fold back, which even-
tually leads to the re-construction of a broken column for
tri-GQ, as proposed in the schematic Supplementary Figure
S10.

These two opposite processes were reversible, and a coun-
terbalance could be reached according to the concentration
of d(GTTAGG). Notably, within a considerable range of
sample concentrations up to 24 mM, the folded tri-GQ of
d(GTTAGG) still rather preserved its three-stranded topol-
ogy as the dominant folding form (as circled in Supple-
mentary Figure S11A). This preservation revealed a reason-
able adaption of this broken strand in tri-GQ. In routine
conditions, such as at sub-millimolar strand concentrations
and 17°C, the population of unfolded d(GTTAGG) sin-
gle strands is dominant (Supplementary Figure S2), while
for a comparison only between the folded species, the self-
assembly of d(GTTAGG) intrinsically still had a preference
for trimerization over tetramerization (Supplementary Fig-
ures S11A and C).

The rational determination of the asterisked minor
tetrameric GQ of d(GTTAGG), which has a two-layer G-
tetrad and a putative (2+2) antiparallel topology, is detailed
in the Supplementary text and Figures S9-S13. A total of
four differently folded tetrameric GQs, as proposed in Sup-



plementary Figure S9, including this putative (2+2) antipar-
allel GQ, are considered to have a similar stability (35,36).
Thus, any of these four tetrameric GQs could be equally
formed if only directly via the tetramerization of the un-
folded single strand of d(GTTAGG). However, the ultimate
observation of only one single minor tetrameric GQ that
specifically has a putative (2+2) antiparallel topology sug-
gested that the pre-existing major tri-GQ enables a guid-
ance impact on the formation of this minor (2+2) antipar-
allel tetrameric GQ, as proposed in the schematic Supple-
mentary Figure S10. As an experimentally supportive ob-
servation, this folded tri-GQ of d(GTTAGG) can further
associate with another short G-rich fragment of a com-
pletely different sequence and readily reassemble into a het-
eromolecular tetra-GQ (unpublished data, as a separate
manuscript in preparation by Haitao Jing and Na Zhang).

CONCLUSION

In this work, we described the first NMR solution struc-
ture of tri-GQ that was adopted by the preferential self-
trimerization of d(GTTAGG) in Na* solution with mod-
erate K* tolerance. This tri-GQ has a novel three-stranded
folding topology with a broken G-column and width-
irregular grooves. Notably, NMR studies reveal that the tri-
GQ of d(GTTAGG) is not just a static structure but rather
a dynamic assembly. Fast strand exchanges spontaneously
occur on a timescale of second at 17°C between structured
tri-GQ and unstructured single-strand of d(GTTAGG),
that both species coexist in dynamic equilibrium. More-
over, another minor GQ that has a putatively tetrameric
(2+2) antiparallel topology becomes noticeable only at an
extremely high strand concentration above 18 mM. The ma-
jor tri-GQ and the minor tetra-GQ are considered to be mu-
tually related, and their reversible interconversion pathways
are proposed accordingly. The polymorphism has been re-
garded as an inherent feature for GQs; our findings will
make GQ structures even more diverse with potentially
more functional applications.
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