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ABSTRACT

Human telomeres and promoter regions of genes ful-
fill a significant role in cellular aging and cancer.
These regions comprise of guanine and cytosine-
rich repeats, which under certain conditions can fold
into G-quadruplex (G4) and i-motif structures, re-
spectively. Herein, we use UV, circular dichroism and
NMR spectroscopy to study several human telomeric
sequences and demonstrate that G4/i-motif-duplex
interconversion kinetics are slowed down dramati-
cally by 2′-�-fluorination and the presence of G4/i-
motif-duplex junctions. NMR-monitored kinetic ex-
periments on 1:1 mixtures of native and modified C-
and G-rich human telomeric sequences reveal that
strand hybridization kinetics are controlled by G4 or
i-motif unfolding. Furthermore, we provide NMR ev-
idence for the formation of a hybrid complex con-
taining G4 and i-motif structures proximal to a du-
plex DNA segment at neutral pH. While the presence
of i-motif and G4 folds may be mutually exclusive
in promoter genome sequences, our results suggest
that they may co-exist transiently as intermediates in
telomeric sequences.

INTRODUCTION

Human telomeric DNA is composed of tandem guanine-
rich repeats (TTAGGG)n along with complementary
cytosine-rich repeats (CCCTAA)n (1). The G-rich sequence
forms G4 structures consisting of square-planar stacked
guanine tetrads stabilized by Hoogsteen hydrogen bonds
and mono- or divalent cations (Figure 1) (2–4). In the past
two decades, G4s have gained considerable attention due to
their significant stability under physiological conditions. In
addition, their formation in cells has been implicated in sev-
eral key biological processes (5,6). It has been suggested that
G4 structures formed at telomeric ends of chromosomal

DNA and stabilized by specific ligands might inhibit the
activity of telomerase or lead to telomere dysfunction (7–
11). Telomerase, a ribonucleoprotein, is the enzyme respon-
sible for telomere maintenance by elongating the G-rich
3′-overhang (12). Recent studies have shown that telom-
erase can recognize and extend the unwound 3′-end of inter-
molecular parallel G4 structures and not the intramolecu-
lar antiparallel conformation (13). The occurrence of DNA
and RNA G4 structures in human cells has been visual-
ized utilizing structure-specific antibodies (14,15) and smart
fluorescent probes (16). Interestingly, recent studies have
shown that conserved Zika virus RNA sequences adopt sta-
ble, parallel-stranded G4 folds (17). Therefore, G4-binding
molecules may be utilized to inhibit viral replication.

Under acidic conditions, the complementary C-rich
strand folds into i-motif structures consisting of two par-
allel duplexes intercalated in an antiparallel orientation
and held together by hemiprotonated cytosine-cytosine
(C:CH+) base pairs (Figure 1) (18–20). Several factors have
been found to stabilize these structures at physiological con-
ditions such as molecular crowding, single-walled carbon
nanotubes (21), silver cations (22), and negative supercoil-
ing (23). We have shown that sugar modifications, in partic-
ular 2′F-araC substitutions (Figure 2), significantly stabilize
telomeric and centromeric i-motif structures at neutral pH
(24). To date, several i-motif structures had been reported
in numerous oncogene promoter regions, such as c-MYC
(25), BCL2 (26,27), VEGF (28) and RET (29), in addition
to telomeric (30) and centromeric regions (31,32). Further-
more, two recent reports show that a number of genomic se-
quences fold into i-motif structures at neutral pHs (33,34).
Even more recently, it has been demonstrated that i-motif
structures in a DNA template can cause Klenow fragment
DNA polymerase to stall immediately before the i-motif-
forming region, suggesting that i-motifs could impede DNA
replication or repair (35).

The telomeric G-rich 3′-overhang is a substrate of telom-
erase; however, no extension products are observed for the
C-rich telomeric repeat due to the lack of complementarity
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Figure 1. (A) A:T and C:G Watson-Crick base pairs (top) and schematic representation of an antiparallel duplex (bottom). The G-rich strand is represented
in blue and the C-rich strand in red. (B) G-quartet (left) and schematic representation of an intramolecular G-quadruplex (right). (C) C:CH+ base pair
(left) and schematic representation of an intramolecular i-motif (right).

Figure 2. Structures of 2′-deoxy-2′-fluoro-arabinocytidine (2′F-araC, left), 2′-deoxy-2′-fluoro-arabinoguanosine (2′F-araG, middle) and 2′-deoxy-2′-
fluoro-guanosine (2′F-riboG, right).

between the C-rich strand and the RNA template of telom-
erase (36). In blunt-ended telomeric duplexes where the two
strands are fully hybridized, the G-rich strand is no longer a
substrate of the enzyme (37,38). Therefore, it is important to
determine whether the transient formation of i-motif struc-
tures in the C-rich strand would free up the G-rich strand
for elongation by, or inhibition of telomerase. For this rea-
son, G4/i-motif-duplex interconversion is a process of sig-
nificant importance (39–43). The kinetics of G4/i-motif un-
folding and of duplex formation at pH 5.0 were first stud-
ied by Mergny and Phan in 2002 (44). Several other reports
regarding G4/i-motif-duplex competition have been con-
ducted, confirming that the competitive equilibria between

G4, i-motif, and Watson-Crick (WC) duplexes are primarily
driven by the nature of the cation, the pH, and the sequence
(45–48).

In this study, we aim to stabilize parallel intramolecu-
lar G4 structures and tune the G4/i-motif-duplex inter-
conversion rate at neutral pH by stabilizing i-motif and
G4 structures simultaneously. For this purpose, C- and G-
rich sequences modified with 2′F-araC, 2′F-araG, and 2′F-
riboG residues were synthesized (Table 1 and Figure 2). 2′-
Deoxy-2′-F-arabinonucleic acids (2′F-ANA) modifications
can modulate G4 stability and topology by favoring the
parallel propeller G4 topology over competing conformers,
while 2′F-ribose modifications (2′F-RNA) disrupt the con-
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formation of the furanose ring leading to less stable quadru-
plexes (49–51). We show that 2′F-araG and 2′F-araC mod-
ified oligonucleotides provide very stable G4 and i-motif
structures in potassium buffer at neutral pH, and that these
structures pose a large kinetic barrier for duplex formation.

MATERIALS AND METHODS

Oligonucleotide synthesis and purification

Oligonucleotide synthesis was performed on an ABI 3400
DNA synthesizer (Applied Biosystems) at 1 �mol scale
on Unylinker (Chemgenes) CPG solid support. Thymidine
(dT), deoxycytidine (N-acetyl) (dC), and deoxyadenosine
(N-Bz) (dA) phosphoramidites were used at 0.1 M con-
centration in acetonitrile and coupled for 110 s and de-
oxyguanosine (N-ibu) (dG) was coupled for 300 s. 0.15 M
concentration was used for 2′F-araC which was coupled for
600 s. 2′F-araG and 2′F-riboG were used at 0.15 M concen-
tration and coupled for 900 s. After completion of synthe-
sis, the CPG was transferred to a 1.5 ml screw-cap eppen-
dorf. Cleavage of the oligonucleotide from the CPG and re-
moval of the nucleobase protecting groups were achieved by
adding 1000 �l aqueous ammonium hydroxide for 16 h at 55
◦C. The deprotection solution was centrifuged and decanted
from the CPG. Samples were vented for 30 min, chilled in
dry ice and evaporated to dryness. Crude oligonucleotides
were purified by anion exchange HPLC on an Agilent 1200
Series instrument using a Protein-Pak DEAE 5PW column
(7.5 × 75 mm) at a flow rate of 1 ml/min using a gradient
of 0–24% lithium perchlorate buffer (1.0 M) over 30 min
at 60 ◦C. Under these conditions, the desired peaks eluted
between 22 and 24 min. Samples were desalted on NAP-25
desalting columns according to manufacturer protocol. The
extinction coefficients of 2′F-araC, 2′F-araG and 2′F-riboG
were assumed to match those of the unmodified deoxynu-
cleosides. Masses were verified by high resolution LC–MS.

Thermal melting experiments

UV thermal denaturation data were obtained on a Var-
ian CARY 100 UV-visible spectrophotometer equipped
with a Peltier temperature controller. The concentration
of oligonucleotides used was 10 �M for the G-rich single
strands, 4 �M for the C-rich sequences. The total concentra-
tion for the duplexes was 2 �M. Samples were dissolved in
appropriate buffer as indicated in the text. Concentrations
were determined after quantitating the samples by UV ab-
sorbance at � = 260 nm. Samples were heated to 90 ◦C for
10 minutes, then cooled slowly to room temperature, and
stored at 5 ◦C for at least 18 h before the measurements
were performed. Denaturation curves were acquired at 295
nm and 0.2 ◦C/min for G4s, 265 nm for i-motifs and at 260
nm for the duplexes at a rate of 0.5 ◦C/min. In order to
avoid water condensation on the cuvettes at low tempera-
tures, samples were kept under a stream of dry nitrogen at
temperatures below 12 ◦C. The dissociation temperatures
were calculated as the midpoint of the transition (Tm) val-
ues using the first derivatives of the experimental data.

Circular dichroism experiments

Circular dichroism (CD) studies were performed on a
JASCO J-810 spectropolarimeter using a 1 mm path length
cuvette. Temperature was maintained using the Peltier unit
within the instrument. Spectra were recorded from 350 to
230 nm at a scan rate of 100 nm/min and a response time
of 2.0 s with three acquisitions recorded for each spec-
trum. The spectra were normalized by subtraction of the
background scan with buffer. Data were smoothed using
the means-movement function within the JASCO graphing
software. Oligonucleotide solutions for CD measurements
were prepared with 20 mM potassium phosphate and 70
mM KCl buffer (pH 5.8, 6.2, 6.6, 7.0 and 7.4) in a similar
manner to that used for UV melting. The concentration of
oligonucleotides used was 10 �M for the G-rich sequences
at 25 ◦C, 20 �M for the C-rich sequences at 5 ◦C, and 15
�M for the duplexes at 5 ◦C. CD melting temperature ex-
periments were performed on an Applied Photophysics CD
spectrophotometer using a 1 mm path length cuvette. Spec-
tra were recorded from 350 to 230 nm at a heating rate of
0.5 ◦C/min. Oligonucleotide solutions for CD melting ex-
periments were either 40 or 100 �M in 20 mM KPi and 70
mM KCl buffer pH 7.0.

NMR experiments

Samples for NMR experiments were dissolved in 9:1
H2O/D2O in 20 mM potassium phosphate and 70 mM KCl
buffer, pH 7.0. The sample concentration for 1D NMR ki-
netic experiments was 0.1 mM. The samples were annealed
before running the NMR experiments as indicated in the
main text. Spectra were acquired on Bruker Avance spec-
trometers operating at 600 MHz equipped with a cryoprobe.
Two-dimensional spectra were recorded at 0.5 mM strand
concentration in the same buffer. NOESY spectra were ac-
quired with mixing times of 50 and 100 ms. TOCSY spec-
tra were recorded with the standard MLEV-17 spin-lock se-
quence and a mixing time of 80 ms. Water suppression was
achieved by including a WATERGATE module in the pulse
sequence prior to acquisition.

Gel electrophoresis experiments

Native gel electrophoresis was performed utilizing 24%
polyacrylamide and TAE (Tris, Acetic acid, EDTA) buffer,
pH 7.0. Running buffer was 1× TAE. The gels were run at
280 V and 10 ◦C for 4 h and 30 min. Annealed samples were
heated to 90 ◦C for 10 min and then slowly cooled down to
room temperature. For the pre-folded-mixed samples, 22G-
and 22C-rich single strands were annealed separately and
then mixed in equimolar amounts without further anneal-
ing. Gels were stained using SYBR Gold and visualized us-
ing Bio-Rad Gel Doc XR and controlled with the Image
Lab software package.

RESULTS AND DISCUSSION

Structural properties of 22mer cytosine and Guanine-Rich
telomeric single strands

G4, i-motif, and WC duplexes can be distinguished via nu-
clear magnetic resonance (NMR) since they possess dis-



11538 Nucleic Acids Research, 2017, Vol. 45, No. 20

Table 1. Apparent Tm values (◦C) of modified C-and G-rich sequences

Code Sequence (5′-3′) Tm �Tm

22G0 A GGG TTA GGG TTA GGG TTA GGG 65.6 ± 0.1 ––
22G1 A (fG)GG TTA (fG)GG TTA (fG)(fG)G TTA (fG)GG 74.2 ± 0.9 +8.6
22G2 A (fG)GG TTA (fG)(fG)G TTA (fG)GG TTA (fG)GG 73.8 ± 0.2 +8.2
22G3 A (fG)GG TTA (fG)(fG)G TTA (fG)(fG)G TTA (fG)GG 80.2 ± 0.5 +14.6
22G4 A GGG TTA GGG TTA GGG TTA GGG 53.4 ± 0.2 –12.2
22G6 A GGG TTA GGG TTA GGG TTA GGG 57.6 ± 0.2 –8.0
22G7 A GGG TTA GGG TTA GGG TTA GGG 59.3 ± 0.2 –6.3
22C0 CCC TAA CCC TAA CCC TAA CCC T n.d. ––
22C1 C(fC)(fC) TAA C(fC)(fC) TAA C(fC)(fC) TAA C(fC)(fC) T 25.7 ± 0.1 ––
22C2 ((fC)(fC)(fC) TAA)3 (fC)(fC)(fC) T 30.0 ± 0.3 ––
35G0 C ACA GAT GCG TTT A GGG TTA GGG TTA GGG TTA GGG 56.0± 0.2 ––
35G3 C ACA GAT GCG TTT A (fG)GG TTA (fG)2G TTA (fG)2 G TTA (fG)GG 75.0± 0.1 +19.0
35C0 CCC TAA CCC TAA CCC TAA CCC T TTT CGC ATC TGT G n.d. ––
35C2 (fC)3 TAA (fC)3 TAA (fC)3 TAA (fC)3 T TTT CGC ATC TGT G 31.3± 0.2 ––

All melting curves were recorded in 20 mM KPi and 70 mM KCl, pH 7.0. 22G-rich sequences were recorded at 295 nm, at a ramp of 0.2 ◦C/min, and 10
�M strand concentration. 35G-rich sequences were recorded at 295 nm, 0.5 ◦C/min, and 4 �M strand concentration. 22C- and 35C-rich sequences were
recorded at 265 nm, at a ramp of 0.5 ◦C/min, and 4 �M strand concentration. (fG): 2′F-araG, G: 2′F-riboG, (fC): 2′F-araC, and n.d. not detected.

tinct imino proton chemical shifts that originate from dif-
ferent base pairing configurations (52). Hence, the imino
protons of base pairs stabilizing i-motifs (C:CH+), duplex
(A:T and C:G), and G-tetrads appear at 15–16 ppm, 12–
14 ppm, and 10–12 ppm, respectively. The relative stabil-
ity of these structures is readily assessed via UV melting
temperature experiments. Melting of duplex, i-motif, and
G4 structures were monitored at 260, 265, and 295 nm, re-
spectively (53,54). Like NMR, circular dichroism (CD) pro-
vides a convenient means to distinguish between these struc-
tures since their spectra exhibit characteristic bands (55–
57). Therefore, NMR, UV melting, and CD experiments
served as complementary techniques to assess the stability
and determine the kinetics of G4/i-motif-duplex intercon-
version (Figure 3).

1H-NMR and CD experiments performed on the single
stranded G-rich sequences confirm the formation of G4
structures. In all cases, buffers contained 20 mM KPi and
70 mM KCl at pH 7.0 (unless explicitly noted otherwise).
1H-NMR spectra of 2′F-araG modified strands show sig-
nals in the 10–12 ppm range, which are characteristic of G4
formation (Supplementary Figure S1). These imino signals
are still observed at 45 ◦C indicating the formation of ther-
mally stable G4 conformations. The CD spectrum of 22G0
shows two maxima suggesting the presence of two conform-
ers: an antiparallel conformation with a positive band at
295 nm and a parallel conformer with a positive band at
260 nm (Supplementary Figure S2A). The incorporation of
2′F-araG and 2′F-riboG modifications triggers a shift in the
spectra leading to a major positive signal at 260 nm and a
negative signal at 240 nm, characteristic of a single parallel
G-quadruplex (Supplementary Figure S2). Among the 2′F-
araG modified sequences, the CD spectrum of 22G2 reveals
a small shoulder at 295 nm suggesting the presence of a mi-
nor species folded in an antiparallel fashion. All 2′F-araG
modified strands are more stable compared to the control
(22G0), as indicated by the increase in melting temperature,
with the highest Tm observed for 22G3 (�Tm = +14.6 ◦C)
(Table 1 and Supplementary Figure S3). 2′F-riboG modi-
fied G-rich strands are less stable compared to the unmod-
ified sequence (Table 1).

UV-Melting experiments performed at different oligonu-
cleotide concentrations (2–100 �M) had little effect on the
Tm, thus confirming the formation of monomeric G4 struc-
tures in the case of 22G1 and 22G3 (Supplementary Table
S1). The presence of multiple conformations in the case of
22G2 and the decreased stability of the 2′F-riboG modified
G-rich strands led us to exclude these sequences from fur-
ther interconversion studies.

At neutral conditions, the unmodified single-stranded C-
rich sequence does not form stable i-motif structures even
at high concentrations (100 �M, Supplementary Table S1).
However, the presence of 2′F-araC modifications provokes
significant i-motif stabilization (Supplementary Figure S4),
in agreement with our recent report (24). The most stable
construction, 22C2 (Tm = 30.0 ◦C), was utilized in the G4/i-
motif-duplex interconversion studies. 22C2 adopts an in-
tramolecular folding topology since the Tm obtained from
CD melting temperature experiments at 2, 40 and 100 �M
was ∼30.0 ◦C (Supplementary Table S1).

Structural properties of cytosine and guanine-rich telomeric
duplexes (annealing versus mixing)

UV-melting temperature and circular dichroism experi-
ments were performed at pH 5.8, 6.2, 6.6, 7.0 and 7.4 (and
monitored at 260 nm) after annealing equimolar quan-
tities of the 22C- and 22G-rich strands (i.e. a 1:1 mix-
ture of the complementary strands was heated to 90 ◦C
for 10 min and then slowly cooled down to room tem-
perature, mix-heat-cool). Most of the melting curves dis-
play more than one transition (Table 2 and Supplemen-
tary Table S2). Looking closely at the melting curves (Fig-
ure 4A and Supplementary Figures S5 and S6), two hy-
perchromic and one hypochromic transitions are observed:
a major, pH-independent melting transition corresponding
to duplex unfolding and two minor transitions associated
with the unfolding of i-motif (lowest pH-dependent Tm val-
ues) and G4 structures (highest pH-independent Tm val-
ues). To confirm that the minor transitions correspond to
the formation/melting of i-motif and G4 structures, UV-
melting experiments for the constituent isolated 22G- and
22C-rich strands were performed at different pH values
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Figure 3. Models representing G4/i-motif-duplex interconversion of (I) 22mer human telomeric repeat forming G4, (II) 22mer human telomeric repeat
forming G4 and i-motif secondary structures due to 2′F-ANA modifications, (III) 35mer human telomeric repeat forming a duplex and G4 and (IV) 35mer
human telomeric repeat forming a duplex, a G4, and an i-motif within the same complex.

Figure 4. (A) UV-melting curves of 22mer sample D5 (2 �M) recorded at 260 nm and 0.5 ◦C / min. (B) CD spectra of D5 (15 �M) recorded at 5 ◦C. (C)
UV-melting curves of DQ (2 �M) recorded at 260 nm and 0.5 ◦C / min, pH 7.0. (D) CD spectra of DQ (15 �M) recorded at 5 ◦C, pH 7.0. Buffer conditions:
20 mM KPi and 70 mM KCl.

(Supplementary Table S3). The Tm values observed for
22C0 and 22C2 decrease as the pH of the sample increases
from 5.8 to 7.4 and were very similar to the values ob-
tained for the first transition in the duplex melting exper-
iments (Supplementary Tables S2 and S3). Similarly, the
Tm values observed for the G-rich sequences are compara-
ble to those obtained for the hypochromic transition, con-
firming that this transition corresponds to the melting of
G4 structures. CD experiments as a function of pH were

performed for all the samples containing 2′F-ANA mod-
ified C- and G-rich sequences (Figure 4B and Supplemen-
tary Figure S7). The samples containing 22C0 hybridized to
22G0 or to 2′F-ANA modified G4s, all exhibit a clear posi-
tive band at 285 nm at pH 5.8 and 6.2. This band decreases
in magnitude as the pH increases to 7.0 and 7.4, reflecting
the progressive unfolding of the i-motif structure with in-
creasing pH. However, in the case of 22C2, this band was
found in the CD spectra up to pH 7.0. Moreover, in all of the
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Table 2. Apparent Tm values (◦C) of telomeric duplexes

Code Duplex Tm pH 7.0 Code Duplex Tm pH 7.0

D1 22G0:22C0 10.8± 0.2 D7 22G4:22C0 66.0± 0.1
64.7± 0.2

D2 22G0:22C2 26.5± 1.5 D8 22G4:22C2 70.8± 0.2
69.2± 0.3

D3 22G1:22C0 11.1 DQ1 35G0:35C0 66.2 ± 0.2
67.0± 0.3
78.1± 0.4

D4 22G1:22C2 29.2 DQ2 35G0:35C2 69.5± 0.1
72.1± 0.4
83.5

D5 22G3:22C0 11.3± 0.6 DQ3 35G3:35C0 69.1± 0.3
66.3± 0.1
80.8± 0.1

D6 22G3:22C2 26.4± 1.3 DQ4 35G3:35C2 72.9± 0.2
71.9± 0.2
83.8± 0.3

Duplex concentration is 2 �M. Tm were recorded at 260 nm and 0.5 ◦C / min in 20 mM KPi and 70 mM KCl, pH 7.0.

studied samples, a positive band appears between 270–260
nm with a negative band ∼240 nm. To unequivocally de-
termine which species were forming under these conditions,
1D NMR spectra were recorded at neutral pH. The spectra
obtained after mixing and annealing equimolar quantities
of the 22G-rich and 22C-rich strands exhibit imino signals
in the 12–14 ppm region, indicating that the formation of
WC duplex structures is favored under slow annealing con-
ditions and at higher concentrations, which is expected since
duplex formation is concentration-dependent (Supplemen-
tary Figure S8). The well-known ability of 2′F-ANA modi-
fications to stabilize duplex structures can be noticed in the
presence of clear imino signals for the modified duplexes at
higher temperatures (58). This is also consistent with the
higher Tm values of the main melting transition in the mod-
ified duplexes (Table 2 and Supplementary Figure S8).

NMR kinetic experiments of 22mer duplexes. The kinet-
ics of duplex formation were monitored by following the
signal changes in the imino region of the NMR spectra
(Figure 5, Supplementary Figures S9 and S10). The 22G-
and 22C-rich single strands were annealed separately and
then mixed in equimolar amounts without further anneal-
ing (heat-cool-mix). Changes in the relative populations of
duplex, G4, and i-motif species over time were followed by
monitoring the change in their relative signal intensities. In
the control 22mer sample (D1), the intensity of G4 imino
signals decreases within hours at 5 ◦C and within minutes at
25 ◦C. After 20 h (5 ◦C) and 2 h (25 ◦C), the G4 imino signals
vanish completely, indicating that the two strands are fully
hybridized, forming a duplex structure (Figure 5). Incorpo-
ration of 2′F-ANA modifications in any of the strands slows
down the hybridization process dramatically. Indeed, at 5
◦C, when only the C-strand is modified (D2, Supplementary
Figure S9B), i-motif signals are present after 5 days. Like-
wise, when only the G-strand is modified (D5, Supplemen-
tary Figure S9C), G4 imino signals are visible after 35 days
at 5 ◦C. Fluorination in the G-strand gives rise to G4 struc-
tures that are more stable than the duplexes formed when
the G-strand hybridizes with the unmodified C-strand. This
is consistent with the Tm data (Table 2) where the G4 tran-
sition always occurred at higher temperatures compared to

the duplex. This effect is even more pronounced when the
two strands are modified (D6, Figure 5 and Supplementary
Figure S9D); G4 and i-motif imino signals are observed
after 35 days with only very minor WC imino signals de-
tectable.

A comparison of the different kinetics of duplex forma-
tion at 25 ◦C indicates that full duplex formation is achieved
after approximately 11 days when the C-strand alone is
modified (D2, Supplementary Figure S10B). When both
strands are modified, the speed of duplex formation is in-
versely proportional to the number of 2′F-araG residues in-
corporated (Supplementary Figure S10C versus S10D). The
G4 signals in D2 at 25 ◦C are sharp and co-exist with the
WC imino signals for 11 days. On the other hand, the G4
signals of D2 at 5 ◦C are very broad and disappear after
∼20 h. This might be due to aggregation of G4 at lower
temperatures leading to broad imino signals of the unmod-
ified G-rich strand. These broad signals tend to disappear
at a faster rate compared to the G4 signals at 25 ◦C.

When the G-strand is unmodified and the C-strand is
modified (D2; 22G0:22C2), the rate-determining step for
duplex formation at 5 ◦C is the unfolding of 2′F-ANA mod-
ified i-motif. When the G-strand is modified and the C-
strand is unmodified (D5; 22G3:22C0), the unfolding of
22G3 is rate-determining. When both strands are modified
(D6; 22G3:22C2), the i-motif and G4 structures persist with
no duplex formation observed even after 35 days at 5 ◦C.
Therefore, at 5 ◦C, G4 and/or i-motif unfolding are the rate
determining steps for duplex formation and the slowdown
effect is exacerbated when modifications are incorporated in
the G-strand rather than in the C-strand. When the temper-
ature was raised to 25 ◦C, 22C2 is partially unfolded (Tm =
30 ◦C) and the G4/i-motif to duplex interconversion rate is
dominated by G4 unfolding. Other studies have shown that
i-motif unfolding represents a large kinetic barrier to duplex
formation (59); however, this is the first time that this effect
has been demonstrated at neutral pH.
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Figure 5. 1H-NMR monitored kinetic experiments for (A) D1 and (B) D6 at 5 ◦C and 25 ◦C in a 1:1 mixture at pH 7.1 in 20 mM KPi and 70 mM KCl.
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Figure 6. 1H-NMR melting experiments at pH 7.1 in 20 mM KPi and 70 mM KCl. G4 imino signals show at 10–12 ppm and i-motif imino signals at 15–16
ppm.

Properties of 35mer cytosine and guanine-rich single strands
and duplexes

In order to study a scenario where i-motif and G4 struc-
tures are in close proximity, longer constructs were pre-
pared. These constructs consist of the same 22-nt sequences
studied above, but linked to a 13-nt stretch of mixed base
composition (Table 1, Figure 3III and IV). A TTT spacer
between the G4/i-motif domain and the duplex domain
was inserted to allow for some structural flexibility and to
prevent duplex destabilization caused by the proximal G4
and i-motif structures (60). Similar to the data obtained for
the 22-nt single-stranded sequences, the CD spectra of the
control G-rich strand (35G0) exhibits the characteristic sig-
nature of an antiparallel G4 structure, while the 2′F-araG
modified strand (35G3) possesses a positive band at 260 nm
and a negative band at 240 nm, indicating the formation
of a parallel G4 (Supplementary Figure S11). As expected,
the stability of the 35C-rich sequences is pH-dependent (Ta-
ble 1). The CD spectra of the 2′F-araC modified structures
at pH 7.0 indicate the formation of i-motifs. To confirm
the formation of G4 and i-motif secondary structures in
those constructs, 1H-NMR melting experiments were per-
formed (Figure 6) and reveal broad signals for the protons
of 35G0, indicating a dynamic equilibrium between multi-
ple conformers. On the other hand, 35G3 exhibits sharp and
well-dispersed imino signals, in line with the formation of a
single, parallel conformer as indicated by the CD spectra
(Supplementary Figure S11). In the case of 35C2, i-motif
imino signals are clearly observed up to 25–35 ◦C and at
neutral pH. Therefore, the presence of single-stranded, 13-
nt long overhangs does not prevent the formation of stable
i-motif and G4 structures.

When 35G- and 35C-rich strands were annealed together,
they hybridized to form WC duplexes. The UV melting
curves show only one transition corresponding to duplex
dissociation (Figure 4C). The Tm values obtained are com-
parable with those obtained for the 22-nt duplexes (Table
2). This is likely due to the presence of three T:T mismatches
within the duplexes which can be detected in the 1H-NMR
spectra as imino signals in the 10–11 ppm range (Supple-
mentary Figure S12).

NMR kinetic experiments of 35mer duplexes. The kinet-
ics of duplex formation upon mixing the pre-folded 35mer
G4 and i-motif structures were monitored by 1H-NMR
spectroscopy (Figure 7). Some imino signals from WC
base pairs are observed immediately after mixing, corre-
sponding to hybridization of the mixed-base complemen-
tary ends. However, like the 22mer sequences, NMR exper-
iments show that full hybridization of the 35 nucleotides
takes much longer when 2′F-ANA nucleotides are included
in any of the strands. For example, in the native 35mer du-
plex (35G0:35C0), full duplex formation is achieved after
two days at T = 5 ◦C (Figure 7A). In DQ3, where the C-
rich strand does not form stable i-motif structures and the
G4 structure is very stable (Tm of 35G3 = 75.0 ◦C, Table
1), G4 and WC imino signals can still be observed after 26
days (Figure 7C). This is in agreement with the results ob-
tained previously by Ren et al. on the same 22G-rich se-
quence attached to a Dickerson-Drew dodecamer tail, re-
porting “little or no cross talk” between the G4 structure
and the proximal 12-nt duplex (61). Therefore, the presence
of G4 structures does not prevent duplex formation in the
adjacent overhang. In cases where the C-rich strands form
stable i-motif structures (Figure 7B and D), G4 and i-motif
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Figure 7. 1H-NMR spectra acquired at different times and at 5 ◦C for a 1:1 mixture of (A) DQ1 (35G0:35C0), (B) DQ2 (35G0:35C2), (C) DQ3 (35G3:35C0)
and (D) DQ4 (35G3:35C2). Buffer conditions: 20 mM KPi and 70 mM KCl, pH 7.1.



11544 Nucleic Acids Research, 2017, Vol. 45, No. 20

Figure 8. Schematic representation of the proposed scenarios: Scenario
(A) where a duplex moiety co-exists in the same complex with G4 and i-
motif. Scenario (B) where a duplex moiety co-exists with a C-rich ssDNA
and a G4 (B1), a G-rich ssDNA and an i-motif (B2). (C) Imino region of
the 1H-NMR spectrum of 35G3:35C2 recorded at T = 5 ◦C after 30 min
from mixing the two strands and showing the values resulting from the
integration of i-motif, duplex, and G4 imino signals.

imino signals can be detected along with WC imino signals
arising from overhang hybridization. Very clear i-motif, G4,
and WC imino signals can still be observed one month af-
ter mixing the pre-folded 35C-rich and 35G-rich strands.
Therefore, given the long-term kinetic stability observed for
the modified G4 and i-motif structures, 2′F-ANA modifica-
tions can be utilized as a convenient means to “trap” these
structures at neutral conditions.

Although no definite conclusions can be reached regard-
ing the structure of 35G3:35C2, the data obtained is con-
sistent with the existence of a hybrid complex wherein a
DNA duplex, a G4, and an i-motif co-exist in the same
complex at neutral pH (Figure 8A). Gel electrophoretic ex-
periments showed that all strands form dimeric complexes,
without substantial presence of monomers or higher or-
der structures (Supplementary Figure S13). The pre-folded-
mixed samples (lanes 10–13) show one band with very sim-
ilar mobility to the annealed duplexes. We do not expect
full hybridization since under the gel conditions (pH 7.0, T
= 10 ◦C), 35G0 and 35G3 exhibit high melting tempera-

tures (56 ◦C and 75 ◦C, respectively) and therefore should
be in the folded state. Although, the presence of complexes
in which either the G4 or the i-motif is unfolded cannot be
completely disregarded (Figure 8B), some of the NMR data
obtained indicate that the complex in which the three sec-
ondary structures occur simultaneously is significantly pop-
ulated. As shown in Figure 8C, the G-rich strand is mainly
folded, since the ratio of signal intensities between Watson-
Crick and G4 imino signals is very close to the one expected
for scenario A (1:1.2, corresponding to 10 WC base pairs
and 12 G4 iminos). The situation for the C-strand, how-
ever, is less clear since the overall intensity of i-motif imino
signal is lower than the expected ratio (0.6:1, correspond-
ing to 6 C:CH+ base pairs). Although these imino protons
may be affected by exchange with water to a greater extent
than WC and G4 imino protons, some population of par-
tially unfolded species may still be present (Figure 8B.1). It
can be observed from the 2D NMR of 35C2 that most cy-
tosine H5 protons exhibit cross-peaks with amino protons
in the 8.5–9.5 ppm region and with imino protons ∼15.5
ppm, indicating that they are involved in C:CH+ base pairs
(Supplementary Figure S14A). Moreover, the number and
intensities of cytosine H5-H6 cross-peaks did not change
upon complex formation; such a change would be expected
if a significant population of unfolded C-rich strand was
present (Supplementary Figure S14B). Finally, the poor sig-
nal dispersion of the 2D spectra of the complex 35G3:35C2
makes the sequential assignment impossible; however, com-
parison of the cytosine signals involved in C:CH+ base-pairs
of 35C2 isolated and in the complex with 35G3 strand, sug-
gests that the overall population of i-motif does not decrease
significantly upon complex formation (Supplementary Fig-
ures S14A and S15) as would be expected for the putative
hybrid structure.

Although studies on promoter regions suggest that G4s
and i-motifs are mutually exclusive when the G4/i-motif are
on opposite strands at the same location of the duplex (40–
43), the scenario here mirrors the telomeric region where the
two structures are located at the duplex termini and where
steric constraints are more relaxed (60,61). Further charac-
terization studies of these and other structures (e.g. G4/i-
motif flanked by two duplex overhangs) are underway.

CONCLUSION

In conclusion, 2′F-ANA modifications slow down G4 and
i-motif unfolding, thus providing an excellent tool to study
G4/i-motif-duplex interconversion processes at neutral pH.
When 2′F-ANA modified i-motif and G4 structures are pre-
folded, their unfolding presents a significant barrier to du-
plex formation. This effect is more pronounced in the pres-
ence of G4/i-motif-duplex junctions, leading to very long-
lasting intermediates in which i-motifs, G4s, and duplex
structures may co-exist. While the presence of i-motif and
G4 folds may be mutually exclusive under certain condi-
tions, our results suggest that they may co-exist transiently
as intermediates in telomeric sequences. Hybrid structures
such as the ones studied here represent attractive tools for
the discovery of selective ligands that can specifically stabi-
lize i-motif structures, or target the G4/i-motif-duplex in-
terface, which can in turn interfere with telomerase activity
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(61,62). In this context, 2′F-ANA modification may become
a useful method for building stable supramolecular DNA
nanostructures based on the co-existence of i-motif and G4
complexes (63), and for modulating the response of i-motif
based nanodevices (64,65).
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