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ABSTRACT

Genomic sequences susceptible to form G-
quadruplexes (G4s) are always flanked by other nu-
cleotides, but G4 formation in vitro is generally
studied with short synthetic DNA or RNA oligonu-
cleotides, for which bases adjacent to the G4 core are
often omitted. Herein, we systematically studied the
effects of flanking nucleotides on structural polymor-
phism of 371 different oligodeoxynucleotides that
adopt intramolecular G4 structures. We found out
that the addition of nucleotides favors the forma-
tion of a parallel fold, defined as the ‘flanking ef-
fect’ in this work. This ‘flanking effect’ was more
pronounced when nucleotides were added at the 5′-
end, and depended on loop arrangement. NMR ex-
periments and molecular dynamics simulations re-
vealed that flanking sequences at the 5′-end abol-
ish a strong syn-specific hydrogen bond commonly
found in non-parallel conformations, thus favoring a
parallel topology. These analyses pave a new way
for more accurate prediction of DNA G4 folding in a
physiological context.

GRAPHICAL ABSTRACT

INTRODUCTION

G-quadruplexes (G4s) are non-canonical nucleic acid struc-
tures formed by guanine-rich sequences (1,2), which are dis-
tributed in key regions of the genomes, such as telomeres
and oncogene promoters (e.g. c-kit, KRAS, c-myc, VEGF).
They contribute to essential cellular processes such as initia-
tion of DNA replication, telomere maintenance and control
of gene expression (3–5).

The topology of the G4 core may be parallel, antiparal-
lel or hybrid, which provides a basis for the specific recog-
nition by ligands and functional regulation, but also com-
plicates structural and biophysical predictions (3,5). In ad-
dition, the motivation to explore new structures should be
guided, at least in part, by evidence supporting their exis-
tence under physiological conditions. However, to simplify
experimental design, studies have generally focused on short
DNA (or RNA) oligonucleotides that match the core of the
G-rich motif without considering its natural sequence con-
text. Recently, efforts have been dedicated to the study of
loop effects (6–8), but the role of flanking sequences has

*To whom correspondence should be addressed. Tel: +86 25 89683593; Fax: +86 25 89683593; Email: jean-louis.mergny@inserm.fr
Correspondence may also be addressed to Huangxian Ju. Email: hxju@nju.edu.cn
Correspondence may also be addressed to Jun Zhou. Email: jun.zhou@nju.edu.cn
†The authors wish it to be known that, in their opinion, the first three authors should be regarded as Joint First Authors.

C© The Author(s) 2021. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/16/9548/6348194 by guest on 21 Septem

ber 2021

https://orcid.org/0000-0003-1282-0076
https://orcid.org/0000-0002-5470-8376
https://orcid.org/0000-0003-3043-8401
https://orcid.org/0000-0002-6793-3169


Nucleic Acids Research, 2021, Vol. 49, No. 16 9549

largely been ignored, even though the presence of flanking
nucleotides is the rule rather than the exception when con-
sidering G4 formation within chromosomes.

Earlier reports point out that these extra nucleotides may
play an important role: they are sometimes added to pre-
vent higher order structures and favor intramolecular fold-
ing in vitro (9). In addition, flanking sequences may influ-
ence the formation of non-classical G4 structures (10), af-
fect the terminal stacking between G4s (11,12), alter stabil-
ity (13), and interact with the loops (14). A classic exam-
ple of why flanking sequences are significant comes from
the widely studied human telomeric motif (14,15), which
can adopt diverse structures depending on the flanking nu-
cleotides in K+ buffer (Supplementary Table S1). These ob-
servations suggest that flanking sequences alter the balance
between topologies and favor specific conformations (16),
although this has not been evaluated broadly or systemati-
cally.

Herein, 371 sequences were used to investigate the ef-
fect of flanking nucleotides on G4 topology. Strikingly, a
general effect observed with over 80% of the tested mo-
tifs was discovered: The addition of flanking nucleotides fa-
vored a parallel topology over antiparallel or hybrid con-
formations. This flanking effect was observed under differ-
ent ionic conditions and in sequences from the human and
other genomes. The influence of flanking nucleotides was
more pronounced at the 5′-end than at the 3′-end, and its
strength depended on loop arrangement. Theoretical and
experimental methods were combined to explain the intrin-
sic mechanism of the flanking effect. Our results demon-
strate that flanking nucleotides should be considered when
studying G4 structures and deepen our understanding of
the folding process of G4 structures in a natural physiolog-
ical context.

MATERIALS AND METHODS

Materials and reagents

DNA samples. DNA (except those used for NMR experi-
ments) were purchased from Sangon Biotech. Sequence in-
formation is given in Supplementary Tables S2–S5.

Circular dichroism (CD). CD spectra were recorded, with
5 �M DNA in 10 mM lithium cacodylate (pH 7.2) buffer
supplemented with 100 mM KCl (or NaCl), to distinguish
G4 topologies. Topologies were identified using the confor-
mation index r (Equation 1) (6,17):

r = CD265

|CD265| + CD290
(1)

where CD265 and CD290 are the CD ellipticities at 265 and
290 nm, respectively. r ≥ 0.5, 0 ≤ r < 0.5, and r < 0 cor-
respond to predominantly parallel, hybrid, and antiparallel
topologies, respectively (6).

UV-melting experiments and UV absorbance spectroscopy.
Melting temperature (Tm) was determined by analysis of
the first derivative of the melting curve. The isothermal dif-
ference spectrum (IDS) and thermal difference spectrum
(TDS) was collected as described previously, which provide
specific signatures for G4 formation (18,19).

Nuclear magnetic resonance (NMR). HPLC purified
oligonucleotides, purchased from IDT, further filtrated
through 2-kDa molecular-weight cut-off filters were used
for NMR experiments (The synthesis procedure of isotopi-
cally enriched samples are detailed in Supporting Informa-
tion). NMR samples included 10% (v/v) D2O. NMR spec-
tra were collected at 25◦C with several classical experiments,
including 1D 1H–15N/13C HMQC, 2D 1H–1H NOESY,
TOCSY and 1H–13C HMBC (20).

Molecular dynamics (MD) simulations. Ten three-quartet
G4 models differing in anti-syn combination of guanines
and presence of flanking thymines were built up from
known structures (PDB ID’s: 3TVB (21), 2GKU (22), 143D
(23)). These were subjected to 2.5 �s long explicit solvent
MD simulations each. Relative free-energy differences be-
tween the models were estimated by the MM-PBSA method
(24) according to a previously applied protocol (25). Model-
ing and calculations were done with the AMBER program
package (26) using the OL15 force field (27). See Supporting
Information for more details.

RESULTS

Sequence design and nomenclature

To understand the effect of flanking nucleotides on G4
topology, a set of 150 model sequences (Supplementary
Table S2) and 40 natural sequences, collected from the
literature or identified by BLAST search of human and
other genomes (28,29), were investigated first (Supplemen-
tary Tables S3–S5). To minimize the interaction between
nucleotides from loops and flanking regions, both were
mainly composed of thymines in model sequences unless
otherwise stated. These sequences are represented as 5′-
GGGTaGGGTbGGGTcGGG-3′, where a, b and c are
three integers corresponding to the number of nucleotides
in the first (5′), second (central), and third (3′) loops, re-
spectively, with a total loop length (a + b + c) of 7–13 nu-
cleotides. When the sequences contained two extra thymines
at the 5′-end, 3′-end, or both ends, they were named 5’T2-
abc, 3’T2-abc or DT2-abc, respectively. For example, DT2-
136 means that two thymines were added to both ends of
a sequence with the first, second, and third loops of one,
three, and six thymines, respectively. Further, a group of se-
quences is defined as all sequences formed by loop swap-
ping; for instance, the 136 group is composed of six oligonu-
cleotides with any combination of loops with one, three, and
six thymines, which gives sequences with a, b, c values of
136, 163, 316, 361, 613 and 631; the group names are writ-
ten in bold, italicized font.

Influence of flanking sequences on topology

G4 formation was evaluated using a combination of bio-
physical experiments. CD spectra indicated that all se-
quences form G4 structures in the presence of 100 mM K+

(Supplementary Figure S1) or 100 mM Na+ (Supplemen-
tary Figure S2), although topologies differed, as discussed
below. Thermal difference spectra (TDS, Supplementary
Figure S3), isothermal difference spectra (IDS, Supplemen-
tary Figure S4), and 1H NMR spectra (Supplementary
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Figure S5) of three representative groups (136, 144 and 145)
further verified the formation of G4 (18,19). In addition,
formation of intramolecular structures was confirmed by
size-exclusion chromatography (30) (Supplementary Figure
S6).

To distinguish and to quantify the conformational dif-
ferences of G4s reflected by the CD spectra, the conforma-
tion index r was calculated (Equation 1 shown in experi-
mental procedures) as previously described (6,17). The G4
conformations can be divided into three types based on r
values: parallel (r ≥ 0.5), hybrid (0 ≤ r < 0.5), and an-
tiparallel (r < 0) (6,17). Results for all sequences are shown
in Supplementary Figures S7–S8 and Table S2. In the 136
group, three sequences (136, 163 and 361) had shoulder
peaks around 290 nm (Figure 1A), indicating that a signif-
icant proportion of the population was non-parallel struc-
tures. For the three other sequences (316, 613 and 631), CD
indicated the predominance of the parallel fold (Figure 1B).
When pairs of thymines were added to both ends of each
sequence (DT2-136 group), the shoulders at 290 nm disap-
peared for DT2-136, DT2-163 and DT2-361, and the peaks
at 265 nm were strengthened (Figure 1A). These results sug-
gest that a conformational switch from non-parallel to par-
allel ensemble was induced by flanking nucleotides. This
was verified by 2D 1H–1H NOESY NMR for two model
sequences (163 and DT2-163) as detailed below. We refer
to this phenomenon as the ‘flanking effect’. The other three
combinations (316, 613 and 631), which were mostly or ex-
clusively parallel in absence of flanking sequences, were not
strongly affected by flanking nucleotides (Figure 1B). Nev-
ertheless, comparison of these six sequences revealed that
they exhibited higher r values (�r = rDT2 – rWO, �r > 0)
upon the addition of two flanking thymines at both ends
(Figure 1C). Similar changes in CD spectra were observed
in the 244 group upon addition of flanking thymines (Figure
1D).

CD spectra and the r values for all model sequences were
collected and determined (Supplementary Figures S1–S2
and Table S2). The r values were almost always higher after
the addition of two thymines at both ends (Figure 2A), sug-
gesting that flanking nucleotides result in a preference for
the parallel topology. For example, most sequences adopted
a hybrid or parallel fold without flanking nucleotides in K+

buffer, and addition of thymines to both ends usually re-
sulted in an increase in the parallel population (Figure 2B).
Adding these flanking sequences not only converted hybrid
structures to parallel but also induced an antiparallel to
hybrid or parallel conversion as observed for 424 and 442
(Figure 1D), with r values changed from –0.13 and –0.16
to 0.27 and 0.60, respectively (Supplementary Table S2).
The same CD experiments were performed in Na+ buffer as
many G4-forming sequences tend to be parallel in K+ buffer
and non-parallel in Na+ buffer (28). In Na+ buffer, more
sequences adopted an antiparallel fold without flanking se-
quences, and the presence of thymines on both 5′- and 3′-
ends resulted in an increase in r values for all but five of the
sixty-nine sequences evaluated (Figure 2C). These examples
demonstrate that the presence of flanking nucleotides favors
a parallel topology with very few exceptions.

The average r value of each group generally increased
upon the addition of flanking nucleotides, especially in Na+

buffer (Supplementary Table S6 and Figure S7). Moreover,
after adding the flanking nucleotides, the r value variance
for every group decreased significantly (Figures 2D and E),
indicating that the sequences within the same group tend to
adopt similar topologies (which we assume reflects the over-
all parallelization), with a few exceptions such as the 244
and 224 groups in Na+ buffer (Figure 2E). In other words,
the presence of flanking nucleotides affects the balance be-
tween G4 conformations and favors a predominantly par-
allel conformation.

Flanking effect in natural G-rich motifs

To complement the systematic study of model sequences,
we selected eight natural (28) and six previously studied
G4 sequences (29) (Supplementary Table S3) to determine
whether the flanking effect is observed. Indeed, the addition
of two thymines at both 5′- and 3′-ends resulted in increases
in r values for 12 of the 14 sequences both in K+ (Supple-
mentary Figure S8) and Na+ (Supplementary Figure S9).
To analyze non-thymine flanking sequences, 32 natural se-
quences were selected by BLAST search (Supplementary
Tables S4 and S5). Again, the flanking effect was observed
in K+ (Supplementary Figure S10) and in Na+ (Supplemen-
tary Figure S11): For all the sequences, the population with
a parallel fold increased when flanking nucleotides were in-
cluded.

Asymmetry of the flanking effect

To understand the relative contributions of the 5′ and 3′
flanking nucleotides, we uncoupled these two modifications
by studying the impact of the addition of two thymines at
only the 5′-end or only the 3′-end (Figure 3A). We investi-
gated representative sequences from the 134, 135, 136, 144,
145, 155 and 166 groups with two thymines added at the
3′-end (3’T2) or 5′-end (5’T2), and compared them to both
ends (DT2). The flanking effect was far more pronounced
at the 5′-end than at the 3′-end (Figure 3B and Supplemen-
tary Figures S12 and S13). In most cases, the 3′-end addi-
tions had little or no impact on topology, and sometimes
led to opposite effects (�r < 0, e.g. 341 and 351), whereas a
shift to parallel conformation was observed in the majority
of cases when two thymines were added to the 5′-end.

We subdivided the sequences with one of the loops com-
posed of a single thymine into three categories: (i) The
shortest loop is the one closest to 5′-end (e.g. 134, 135, 136,
etc.; 1bc in Figure 3B); (ii) the central loop is the shortest
(e.g. 314, 315, 316, etc.; a1c in Figure 3B) and (iii) the third
loop is the shortest (e.g. 341, 351, 361, etc.; ab1 in Figure
3B). We found that the location of the shortest loop influ-
enced the effects of flanking nucleotides:

(i) When the shortest loop is in the middle position
(i.e. a1c), the r values of sequences without terminal
thymines are similar to those of the DT2 group (314,
315, 316, 413, 513, 613 and 616). Thus, sequences with
a short central loop prefer to be parallel per se, whereas
the other two groups (1bc and ab1) show less parallel
or rather hybrid topologies. The sequences with a short
central loop which are not fully parallel (414, 415, 514
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Figure 1. Influence of flanking sequences on topology. (A, B) CD spectra of 136 group oligonucleotides without (WO) or with (DT2) two thymines at both
ends. (C) Values of the conformation index r for the 136 (blue) and DT2-136 (red) groups. The difference (�r = rDT2 – rWO) is shown in green (right Y-axis).
r values for all other sequences are given in Supplementary Table S2. (D) CD spectra of the three sequences belonging to the 244 group, without (WO) or
with (DT2) two thymines at both ends. Dashed lines indicate the parent sequences with no flanking nucleotides and solid lines indicate the corresponding
DT2 sequences. All experiments were performed in 100 mM KCl.

and 515) in the absence of flanking thymines are fully
converted to a parallel topology (r values are close to
1) upon addition of thymines at 5′-end.

(ii) When the third loop is the shortest one (ab1), the r val-
ues of sequences without terminal thymines are near
0.5, except for 431 (0.91), 531 (0.91) and 631 (0.81). For
these sequences, the addition of two thymines at the 5′-
end increased r values from 0.5 to near 0.8, while for
the DT2 group, r values reached 0.9.

(iii) Finally, when the first loop was the shortest one (1bc),
most r values for the 5’T2 group increased to around
0.65, except for 134, 135, 136 and 166, which exhib-
ited higher r values with a 5’T2 flank. However, the
CD data indicate that these sequences have an obvi-
ous shoulder peak around 290 nm, even with 5′-end
flanking nucleotides, which means that a fraction of
the population remains non-parallel (Supplementary
Figure S12). These results demonstrate that the 5′-end
flanking nucleotides have a weaker parallelization ef-
fect on sequences in which the first loop is the shortest
one.

Globally speaking, the flanking effect is stronger at the
5′-end than at the 3′-end in K+ buffer, which is also ver-
ified by the results in Na+ buffer (Supplementary Figures
S14 and S15). The 5′-end flanking effect also depends on the
position of the shortest loop (Figure 3C). When the short-
est loop is the second (a1c) or third (ab1) one, nucleotides
added to the 5′-end can make the sequences completely par-

allel, and these effects are comparable to the flanking effects
of two thymines at both ends. However, when the first loop
is the shortest (1bc), the effect of 5’T2 is less pronounced
than the effect of thymines added at both ends.

Dependence of the flanking effect on the length of the 5′-
terminal overhang

To evaluate whether the length of the 5′ overhang is impor-
tant, we compared the impact of 5′-terminal dangling ends
varying from 0 to 5 thymines (Supplementary Figure S16).
When the first loop is the shortest (i.e. 143, 153, 163, 144,
145 and 154), adding a single 5′-thymine (5’T1) had little
(i.e. 144, 145 and 154) or no effect (i.e. 143, 153 and 163) on
r values. Increasing the 5’-overhang length further increased
r values but even a 5-nucleotides overhang (5’T5) did not
transform the topology to the same level as DT2 group (Fig-
ure 4). When the middle loop is the shortest (i.e. 414, 415 and
514), the structures were predominately parallel even in the
absence of flanking nucleotides (Figure 4). The addition of
5′-end flanking sequences further increased the r values. In-
terestingly, a single thymine on the 5′-end (5’T1) had nearly
the same effect as two on both ends, and further lengthen-
ing of the 5′-overhang had a little effect. When the shortest
loop is the third loop (i.e. 441, 451 and 541), the addition of
one or more 5′-thymines increased r values, but differences
were relatively modest. In other words, a single 5′-thymine
accounted for most of the r values increase. These data show
that the flanking effect may depend on the length of 5′ over-
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Figure 2. Flanking effect on G4 topology with r values analysis. (A) Schematic illustration of the flanking effect. (B, C) r values of sequences with (DT2)
or without (WO) two flanking thymines at both ends and their differences (�r = rDT2 - rWO) in (B) 100 mM KCl and (C) 100 mM NaCl. The values of the
conformation index r are shown as heat maps: parallel (r ≥ 0.5, red), hybrid (0 ≤ r < 0.5, khaki), and antiparallel (r < 0, blue). (D, E) The variance of r

values (σ =
√ ∑

(ri − μ)2

N ) for each group in (D) 100 mM KCl and (E) 100 mM NaCl.

hang but that most of the flanking effect is due to the nu-
cleotide immediately adjacent to the G4 core on the 5′ side.

Statistical analysis of the flanking effect

The differences in r values between sequences with or with-
out flanking nucleotides are summarized in Figures 5A
and B, Supplementary Figure S17 and Tables S2–S5. Strik-
ingly, in K+ buffer (Figure 5A), before the addition of flank-
ing nucleotides, both parallel and hybrid forms are the
predominant conformations, and addition of flanking nu-
cleotides converts most of the sequences (81.3%) into par-
allel structures. In Na+ buffer (Figure 5B), the addition of
flanking nucleotides leads to a decrease in the proportion of
antiparallel folds (from 68.1% to 15.4%), with a concomi-
tant increase in parallel (from 3.3% to 33.0%) and hybrid
(from 28.6% to 51.6%) configurations. The �r values were

positive in 81.3% of all cases (74 out of 91) in K+, and even
92.3% (84 out of 91) in Na+.

The sequences were then grouped by their intrinsic
topologies in the absence of any flanking nucleotides: paral-
lel, hybrid, or antiparallel. Comparison of these r values are
provided in Figures 5C–H. Very significant statistical differ-
ences (P < 0.001) were found between hybrid G4s in both
K+ (Figure 5D) and Na+ (Figure 5G), as well as antiparal-
lel G4s in Na+ (Figure 5H), whereas a significant difference
(P = 0.0077) was found for parallel G4s in K+ (Figure 5C).
In contrast, no significant differences (P > 0.05) were found
for antiparallel G4s in K+ (Figure 5E) or for parallel G4s in
Na+ (Figure 5F), possibly as a result of smaller sample sizes.

Further, very significant differences were found between
sequences with and without flanking nucleotides both in
K+ (P = 3.57E–04) and Na+ (P = 2.55E–15) (Figure 5I).
Concurrently, the differences between K+ and Na+ for se-
quences with (P = 1.19E–13) and without (P = 1.35E–25)
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Figure 3. Asymmetry of the flanking effect. (A) Schematic illustrations of flanking nucleotide addition at different ends. (B) The r values for 134, 135, 136,
144, 145, 155 and 166 groups without any flanking nucleotide (WO) and with thymines added at the 3′- (3’T2), 5′- (5’T2) or both ends (DT2) in 100 mM
K+. (C) Paired t-test of differences in r values difference (�r = r3’T2, or 5’T2 or DT2 – rWO) between sequences with and without thymines for 3’T2, 5’T2 and
DT2 groups. ***P < 0.001; **P < 0.01; ns: P > 0.05, no significant difference.

Figure 4. Length dependence of the flanking effect at the 5′-end. r values
are provided for sequences with two thymines added at both ends (DT2)
and 0, 1, 2, 3 or 5 thymines added at the 5′-end only (WO, 5’T1, 5’T2, 5’T2,
5’T3 and 5’T5). Experiments were performed in 100 mM KCl.

flanking nucleotides were also highly significant, which il-
lustrates that most sequences adopt a parallel topology in
K+. Moreover, the �r values in Na+ are larger than those

in K+. This is consistent with previous observations that the
fraction of sequences exhibiting a positive �r is higher in
Na+ (92.3%) than in K+ (81.3%) (Figure 5A). These results
demonstrate that the switch from non-parallel to more par-
allel (e.g. antiparallel to hybrid, or hybrid to parallel) is eas-
ier and larger in magnitude in Na+ than in K+.

Effect of flanking sequences on thermal stability

We determined the melting temperatures (Tm) in K+ buffer
of all model sequences (Supplementary Table S7 and Fig-
ure S18) and discovered that the presence of flanking nu-
cleotides tends to destabilize the G4 structure. Nearly all
the Tm values were lower when flanking nucleotides were
present, sometimes dramatically, as found for sequence 253
for which Tm decreased 16.5◦C. In general, this effect is rel-
atively modest, however (�Tm < 4◦C for 45 out of 69 se-
quences). Moreover, we found little or no correlation be-
tween r and Tm values with or without flanking nucleotides
(R2 = –0.009 and 0.06, respectively, Supplementary
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Figure 5. Statistical analysis of the flanking effect. (A, B) Proportion of different conformations without (WO) or with (W) flanking nucleotides, and their
r value differences (�r) in A) K+ and B) Na+ buffer. (C-I) Paired t-tests of r values with (W) or without (WO) flanking nucleotides added at both ends
and separated into three groups based on their primary topologies in (C–E) 100 mM K+ or (F–H) 100 mM Na+. For panels (C) and (F), the primary
topology was parallel, r ≥ 0.5; for panels (D) and (G), the primary topology was hybrid, 0 < r < 0.5; and in panels (E) and (H), the primary topology
was antiparallel, r < 0. P-values are provided for the comparison of flanking versus no-flanking sequences; ***P < 0.001; **P < 0.01; ns: P > 0.05, no
significant difference. Both natural and model sequences listed in Supplementary Tables S2–S5 are considered here.
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Figure 6. Influence of the flanking nucleotides on G4 thermal stability. (A)
Average Tm values without (WO) or with (DT2) two thymines at both ends

for every group. (B) The variance of Tm values (σ =
√ ∑

(Tm,i − μ)2

N ) for
each group in 100 mM KCl.

Figure S19): this implies that the topology does not directly
determine the thermal stability of the G4 structure.

Calculations of average Tm values for each group revealed
that the flanking nucleotides have a rather small impact on
the average value of the entire group (the larger differences
were observed for 244, 334, 234 and 235 groups) (Figure
6A). Moreover, variations in Tms within groups were signif-
icantly smaller when flanking nucleotides were present than
when they were not (Figure 6B). This is consistent with the
smaller variance of the r value observed when there were
flanking nucleotides (Figure 2D-E). In other words, when
flanking sequences are present, the sequences in the same
group tend to adopt similar topologies with similar stabili-
ties.

MD simulations suggest the potential mechanism of the 5′-
terminal flanking effect

Our previous research has suggested that a 5′-terminal G
with a syn glycosidic bond orientation can form a stabiliz-
ing 5′O-H···N3 hydrogen bond, while a 5′-terminal anti-G

Figure 7. Influence of the glycosidic bond on G4 conformation. (A) In the
syn G conformation, a hydrogen bond (5′O-H···N3) can be formed pro-
vided that the 5′ OH group is available (i.e. when this G is the 5′-terminal
base and there is no terminal phosphate). (B) r values for sequences with
5′ hydroxyl (5’OH), 5′ phosphate (5′Phosphate) and a single 5′ thymine
(5’T1) in 100 mM KCl.

cannot (31,32). To further evaluate the effect of 5′-terminal
syn Gs, we performed MD simulations followed by MM-
PBSA free-energy calculations and hydrogen-bond popula-
tion analysis. We considered the following four model sys-
tems: parallel all-anti, parallel with the first G-quartet con-
verted to syn, and a hybrid and an antiparallel conforma-
tion with known syn/anti patterns (Supplementary Figures
S20–S22). The simulations were carried out with or with-
out a single thymine as the 5′-end flanking nucleotide. The
MM-PBSA free-energy analysis allowed comparison of rel-
ative energies of the stems with or without the flanking se-
quences. The free-energy calculations were done in such a
way that the intrinsic stability of the G4 stem structure was
evaluated with effects of the flanking segments subtracted
(see Supporting Information).

The calculations confirmed that the presence of a 5′-end
syn G is accompanied by the formation of a stable termi-
nal intramolecular 5′O-H···N3 hydrogen bond (Figure 7A).
No terminal hydrogen bond can be formed when the 5′-end
G is in anti-conformation, as there is no suitable acceptor.
The terminal hydrogen bond is also eliminated by the pres-
ence of a 5′-end flanking nucleotide. The reason is that the
interaction requires that the G has a free 5′-OH end, which
is obviously impossible when a 5′-end flanking sequence is
present, irrespective of its length or nucleotide composition.

Any experimentally studied G4 sequence with a 5′-
terminal G may form a mixture of G4 structures. Many have
the 5′-terminal G in the syn conformation, whereas in the
parallel G4 the conformation is anti. Any 5′-end flanking
nucleotide abolishes the formation of the 5′O-H···N3 hy-
drogen bond in all the structures with a 5′-end syn G but
has no effect on folds with this G in the anti conformation
(Supplementary Tables S8–S10). Thus, in the ensembles of
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measured structures, there is a universal 5′-end flanking ef-
fect that destabilizes all folds that have a 5′-terminal syn G
with respect to all the remaining folds. Therefore, we sug-
gest that this destabilization of conformations with a 5′-
terminal syn G explains in large part the increased popu-
lation of parallel-stranded structures upon addition of 5′-
end flanking sequences (additional analyses and discussion
of the free-energy estimate and justification are available in
Supplementary data). The experimental results agree with
the picture suggested by the simulations: Most of the r val-
ues for sequences with 5′-phosphate are similar to those of
sequences with a single 5′ thymine (Figure 7B). Further, the
flanking effect is not affected by the identity of flanking
nucleotide (Supplementary Figure S23). All the data imply
that the dominant mechanism for the 5′-flanking effect is
the elimination of the hydrogen bond between 5′-OH and
5′-terminal syn G.

We verified that the abolished H-bond is not replaced
by the possible syn-specific interaction between the amino
group and phosphate group of the G (see Supplementary
Tables S11-S12 and the accompanying Supplementary data
discussion).

NMR analysis supports the mechanism of the flanking effect

NMR spectroscopy was used to analyze the interaction be-
tween G-quartets and flanking nucleotides in atomic de-
tail. The fold topology of 163 and DT2-163, were analyzed
and compared, with additional information gained from the
analysis of 5’T2-163 and 3’T2-163 (Figure 8). To unambigu-
ously study the cross peaks in 2D 1H–1H NOESY spec-
tra, we performed the assignments for all guanines using
selectively labeled samples containing a single guanine en-
riched with both 15N and 13C isotopes (Supplementary Fig-
ure S24). Natural abundance long-range 1H–13C HMBC
(Supplementary Figure S25) was used to identify the H8 hy-
drogens belonging to each guanine. The assignments were
also supported by 2D 1H–1H TOSCY and 1H–13C HSQC
and by analyses of samples containing point substitutions
that replaced thymines with 2′-deoxyuridines. The results
clearly show that both 163 and DT2-163 exhibit 12 sharp
imino peaks. In 2D 1H–1H NOESY spectra, we observed
G(i)H8/G(i + 1)H1’ NOEs for both 163 and DT2-163 that
are characteristic of hybrid and parallel conformations re-
spectively (Figures 8C and D). Most importantly, the inten-
sities of the GH8-H1′ cross peaks in the 163 spectrum indi-
cate that five Gs adopt a syn conformation (G1, G5, G14,
G15 and G20), but no syn Gs were observed in DT2-163
(Figures 8A and B). This observation corroborates the pre-
diction obtained from MD simulations that the absence of a
terminal intramolecular 5′O-H···N3 hydrogen bond results
in a loss of the (substantial) stabilization of the syn confor-
mation and the formation of a more stable parallel fold.

The spectra revealed that additional interactions are
present, because the terminal or/and loop thymines can in-
teract with the 5′-end G-quartet and stabilize the parallel
conformation. The thymines in the lateral loop T17–T19
of sequence 163 have multiple contacts with the 5′-end G-
quartet and stabilize the hybrid topology, which is indicated
by intense cross peaks with the guanines in the 5′-end G-
quartet. In contrast, for DT2-163, the methyl group of T2

is roughly at the same distance from H1 of G16 and G22
(≈3–4.5 Å) and its H6 is closer to H1 of G22, meaning that
T2 can stack and interact with the 5′-terminal G-quartet, as
well as T1 and T15 to a lesser extent.

The NMR data for 5’T2-163 and 3’T2-163 also support
for the hypothesis that the 5′-terminal flanking nucleotide
influences the conformation of the adjacent guanine (Fig-
ure 8, and Supplementary Figure S26). 5’T2-163 exhibited
12 sharp imino peaks with a cross-peak pattern similar to
DT2-163 (not shown), whereas 3’T2-163 had 1D and 2D
NMR spectra remarkably similar to 163 with the same five
Gs in the syn conformation (G1, G5, G14, G15 and G20).
Nevertheless, the 3’T2-163 sample was a mixture of two
species: the predominant species (∼80%) had similar peak
dispersion and NOESY cross peaks to 163; and the minor
species (∼20%) had spectral characteristics similar to those
of DT2-163.

Flanking sequences influence function

To demonstrate that the flanking sequences play roles in G4
functions, a well-known hemin aptamer, PS2.M (33), was
chosen as an example. The results exhibited that the addi-
tion of flanking nucleotides affects its conformation from
hybrid to parallel (Supplementary Figure S27A), its affinity
for hemin (Kd increases from 3.78 to 10.43 �M; Supplemen-
tary Figures S27B and S28), and its catalytic activity (Sup-
plementary Figures S27C and D). The flanking effect on
the catalytic activity was also confirmed by other sequences
(Supplementary Figure S29).

DISCUSSION

Most structural studies on G-rich motifs have focused on
the core G4 region and rarely included the nucleotide se-
quences at either end. Even in machine learning (34), se-
quencing (35), and bioinformatics approaches (36), the im-
pact of the flanking nucleotides on the structure is rarely
considered. This is surprising, given that flanking nu-
cleotides are known to play a major role in telomeric G4
topology (14,15).

Here, the effect of flanking sequences was investigated by
analyses of over 300 different sequences based on CD anal-
ysis. These sequences formed G4s with loops of different
lengths, different core G4 topologies, different nucleotide
compositions, and overhang lengths. The results allowed us
to draw the general conclusion that flanking nucleotides had
a significant impact on G4 topology, favoring a parallel fold.
Many, but not all, sequences easily converted to a paral-
lel topology, either by adding K+ or terminal nucleotides
(Supplementary Figure S30). It should be noted that these
results are derived from CD analysis, which is sufficient to
determine topology with excellent accuracy, but it is a low-
resolution technique that cannot provide detailed structural
information on the G4 structure (17).

Furthermore, the flanking effect was found to be valid for
natural sequences with diverse nucleotide compositions of
loops and flanking segments, and extended to G4s involv-
ing adenines, cytosines or guanines as flanking nucleotides
(Supplementary Figure S23), adenines in the loops and the
flanking regions (Supplementary Figure S31), and for those
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Figure 8. (A) 163 adopts a hybrid conformation, having five guanines with syn glycosidic bond angles (G1, G5, G14, G15 and G20; shown in green),
including the 5′-terminal G. (B) DT2-163 adopts a parallel conformation, where all guanines adopt an anti glycosidic bond (cyan). (C, D) 2D 1H–1H
NOESY NMR spectra of oligo 163 and DT2-163 respectively in 10 mM KPi buffer, acquired at 25◦C and obtained with a mixing time of 250 ms. The
top (�1 = 1.2–2.1 ppm) and bottom (�1 = 5.4–6.5 ppm) spectrum depicts NOEs that correlate the CH3 (purple and blue) from thymines and H8/H6H1
base respectively, with H1’ sugar, representing the sequential connectivities with dashed lines. The red arrows in panel C indicate the ‘square’ pattern of
Gsyn–Ganti observed in conformer 163.

with four quartets (Supplementary Figure S32). The nu-
cleotides at the 5′-end have a stronger effect than those at
the 3′-end, illustrating a 5′-3′ asymmetry in G4 folding pre-
viously described (37). Beyond general effects, subtle vari-
ations and exceptions were found, especially in K+. Previ-
ously, we showed that loop permutation affects the topol-
ogy and stability of G4 (6). Herein, we verified that the se-
quences with the shortest loop in the central position are
the most sensitive to the flanking effect. The permutation
and combination of loops will indeed affect the formation
of G4 conformation, which in turn tunes the occurrence and
magnitude of the flanking effect. In addition, for the non-
classical G4 structures with G-vacancy (38,39) or a bulge
(40), which mostly adopt a parallel conformation, the pres-
ence of flanking sequences maintains the original topology

(Supplementary Figure S33). More importantly, for the sin-
gle sequence with a bulge that adopted an antiparallel fold,
the addition of flanking nucleotides converted it to a more
parallel conformation, showing that this flanking effect was
still valid for this non-canonical G4.

Using MD simulations and NMR structural analysis, we
demonstrated that the 5′-flanking effect is caused, at least
in part, by the abrogation of a syn-specific intra-nucleotide
hydrogen bond between the 5′-OH and terminal 5′-syn G.
When this 5′-OH group is made unavailable by the presence
of 5′-nucleotides or even a simple phosphate, this hydrogen
bond is lost and the syn conformation is less favored. Conse-
quently, this stabilizing contribution to non-parallel confor-
mations is no longer present, explaining why the sequences
tend to adopt a more parallel character when nucleotides
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flank the G4 core. At the same time, the substantial sys-
tematic 5′-end effect consistently seen in our experiments
can be considered as an ultimate validation and quantifica-
tion of the suggested role of the 5′-terminal hydrogen bond.
In addition, the terminal thymines (and likely also other
nucleotides) can interact with and stabilize the 5′-end G-
quartet through diverse non-covalent interactions such as
van der Waals interactions and ion-base coordination con-
tacts. These, however, probably do not exert a strong effect
on the syn versus anti balance. Furthermore, the terminal
thymines can also stabilize the unfolded state, so their over-
all free-energy effect is not easy to predict and may be vari-
able.

Undeniably, there are still some outliers which do not fol-
low this flanking effect rule. According to previous theoret-
ical simulations (32), the terminal guanines of hybrid G4s
adopt a syn conformation, while antiparallel G4 can adopt
both syn and anti conformations. Therefore, in non-parallel
assembles, the addition of flanking nucleotides may reduce
the population of hybrid (with first syn-G) in favor of an-
tiparallel (with first anti-G) while not detectably increas-
ing the population of the parallel folds, so the flanking nu-
cleotides could sometimes lead to reduced ‘parallelization’
based on the r parameter.

CONCLUSION

In summary, this study illustrates that G4 motifs cannot
be considered as isolated islands: Interactions among G-
quartets, loops, flanking sequences, and bulges or other
structural imperfections must be taken into account, es-
pecially when considering G4 genomic structures with im-
portant physiological functions that may serve as drug tar-
gets or when designing G4 motifs to be attached to a sur-
face, nanoparticle, or biomolecule via a nucleotidic linker.
In the present work, we systematically analyzed the gener-
ality, mechanism, and potential application impacts of the
flanking effect. The ultimate goal will be to expand this
study in a more chromatin-like environment, with long 5′
and 3′ extensions, in the presence of the C-rich complemen-
tary strand and nuclear proteins.
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