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Abstract

Interactions between biomolecules govern cellular biology. While protein/protein and protein/nucleic acid (DNA, RNA) interactions—and, to a
lesser extent, RNA/RNA and RNA/DNA interactions—have been extensively described, a question remains as to whether and how non-canonical
DNA structures might interact with each other. This is of particular interest for guanine (G)-rich sequences that can fold into G-quadruplex (G4)
structures: Individual G4s are currently studied for their involvement in a myriad of cellular events (mostly pertaining to the control of gene
expression), and, more recently, the interactions between two G4s have been scrutinized as being part of a novel gene expression regulatory

mechanism involving chromatin remodeling through G4-mediated loop formation. The question that needs to be answered is whether G4s or

their corresponding G-rich sequences are involved. We present here a series of results collected using a combination of sequences, experimental
conditions, and technigues, which led us to the conclusion that G4/G4 intermolecular interactions are mostly governed by primary sequence

interactions in vitro.
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Introduction

Interactions between biomolecules (nucleic acids, proteins,
saccharides, lipids, etc.) play key roles in nearly all cellu-
lar processes [1-3]. As an example, protein—protein interac-
tions regulate cellular structure and functions, proliferation,
and communication, as well as intracellular signaling path-
ways. Proteins can also interact with nucleic acids (DNA and
RNA) to regulate both genomic and transcriptomic processes

d e

(replication, repair, transcription, post-transcriptional modifi-
cations, etc.) [4]. Interestingly, nucleic acid secondary struc-
tures play a central role in these cellular events: while this is
widely accepted for RNA [5], this starts to be accepted for
DNA, notably thanks to the wealth of knowledge recently
accumulated about DNA G-quadruplexes (or G4s), a family
of non-canonical tetraplex structures that fold from guanine
(G)-rich sequences [6, 7]. In addition, while RNA/RNA and
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RNA/DNA interactions are being investigated in detail (e.g.
the kissing complexes for the former and the ncRNA interac-
tome for the latter), examples of direct DNA/DNA contacts
are still sparse in the literature.

Inspired by recent results showing that G4s might stimu-
late liquid-liquid phase separation (LLPS) thanks to weak, of-
ten long-distance intermolecular G4 interactions [8-12], we
wondered whether such an interaction might take place in
vitro during the folding process of individual G4-forming
sequences. This study precisely aims at filling this gap: we
investigate here whether DNA G4-forming sequences inter-
act with each other under their unfolded (random coil) or
folded (G4) conformations, and whether the topology of the
G4 fold could influence these intermolecular interactions. To
address these questions, we selected eight well-known G4-
forming sequences [13-19] (Table 1), which encompass a di-
versity of G4 topologies, i.e. antiparallel G4s for TBA and
22CTA, parallel G4s for G3T, 222, and ¢-Myc-m, and hy-
brid G4s for Tel22, 4htel, and G4T2. These topologies have
been established and fully characterized in routine in vitro ex-
perimental conditions, i.e., in the presence of 100 mM K™ at
25°C.

These G4s were then mixed, and the resulting solutions
named on the basis of mixing order and ratio. For example,
the sample “TBA, Tel22-pre 2:3” corresponds to a solution in
which 2 uM TBA and 3 uM Tel22 were mixed before (PRE)
adding K* (i.e. the two oligonucleotides were mixed, then
K™ was added to trigger the G4 folding) [16], while “TBA,
Tel22-post 2:3” corresponds to the same mixture in which the
two G4 structures were folded in the presence of K* and then
(POST) combined. The control sample “TBA, Tel22-sum 2:3”
corresponds to the algebraic addition (SUM) of the contri-
butions of 2 uM TBA G4 on one side and 3 uM Tel22 G4
on the other side, measured separately. When applied to eight
oligonucleotides, with three different topologies, at four differ-
ent concentrations, with two types of mixtures (pre and post),
this methodology led us to investigate the behavior of 168
different mixtures. This study, which was performed using cir-
cular dichroism, polyacrylamide gel electrophoresis, and size-
exclusion chromatography, led us to draw reliable conclusions
about the complex behavior of mixtures of G4-forming se-
quences, which turns out to be governed mostly by interac-
tions between their unfolded rather than their folded states in
vitro.

Materials and methods

DNA sample preparation

PAGE-purified DNA oligonucleotides were purchased from
Sangon Biotech (Shanghai, China), and the concentrations of
oligonucleotides were determined by UV absorbance at 260
nm. The single strands were obtained by dissolving the com-
mercial sequences in H,O, which were then heated at 95°C
for 10 min after adding 5 mM LiOH [16]. The solution was
cooled in ice and HCI was then added to adjust the pH to
neutrality. The G4 samples were prepared using these single
strands, then annealed in 100 mM KCI solution and placed
at 4°C overnight to allow for the formation of the G4 struc-
tures. The pre-mix samples were obtained by mixing two sin-
gle strands prepared at different concentration ratios with 100
mM KCI at 4°C overnight. For example, the sample TBA,
G3T-pre 1:4 (corresponding to a pre-mix of 1 uM TBA and

4 uM G3T) was prepared by mixing 100 mL of 10 uM TBA
single strand and 400 mL of 10 uM G3T single strand, then
adding it into 500 mL of 200 mM KCI, and keeping at 4°C
overnight. The post-mix samples were obtained by mixing G4
samples prepared above of the corresponding concentration
(the mixing ratio) in 100 mM KCl solution at 4°C overnight.
For instance, the following protocol was used for the sam-
ple TBA, G3T-post 1:4 (corresponding to a post-mix of 1 uM
TBA and 4 uM G3T): Mix 100 mL of 10 uM TBA G4 and
400 mL of 10 uM G3T G4, then add it into 500 pL 100 mM
KCl solution, and incubate at 4°C overnight.

Circular dichroism

CD spectra were measured with a JASCO ]-1500 spectropo-
larimeter equipped with a Peltier accessory to control temper-
ature. The samples were prepared as mentioned above, and
the total concentration of DNA was 5 uM. The spectra were
recorded from 220 to 320 nm with 10-mm path-length cu-
vettes at 25°C. The SUM spectra were obtained by summing
the CD spectra of each individual strand at the same concen-
tration: e.g., the control sample TBA, G3T-sum 1:4, represent-
ing the algebraic addition of the CD spectra measured individ-
ually of 1 uM TBA and 4 uM G3T in two different cuvettes.
Four mixing ratios (1:4, 2:3, 3:2, and 4:1) were used to check
whether the final result is influenced by the sequences, ratios,
and mixing processes. The dynamic experiments were per-
formed on the same CD spectropolarimeter mentioned above
with the SFS-562T stopped-flow 2-seringue accessory. The op-
tical path length in stopped-flow kinetic experiments was 2
mm. The dead time of the sample injection device was 100
ms, and other parameters (including monitored wavelengths,
measurement time, and time interval, etc.) were fined tuned as
a function of the experiments.

Size-exclusion high-performance liquid
chromatography

SE-HPLC experiments were performed on an €2695 instru-
ment (Waters), equipped with an Ultrahydrogel-250 column
(7.8 x 300 mm; 6 um hydrophilic polymethacrylate resin
spherical particles, 250 A pore size) set at 25°C. Elution was
performed using 100 mM K™ at 0.5 ml/min.

Polyacrylamide gel electrophoresis

Non-denaturing PAGE experiments were carried out on a
20% polyacrylamide gel in Tris—Borate~EDTA (TBE) buffer
for 2 h at 100 V. Gels were stained with SYBR Gold (Invitro-

gen).

Nuclear magnetic resonance spectroscopy

'H NMR (nuclear magnetic resonance) experiments were per-
formed on a 600 MHz NMR spectrometer (Bruker) at 25°C.
The total concentrations of oligonucleotides were 500 uM.

The strength index e
The relative change in signal intensity was identified using the

strength index e:
e= CDmeasure/ C])sum -1, (1)

where CDpeasure and CDg,m indicate the measured and SUM
results at a specific wavelength; e, and epos represent the
strength index of pre-mix and post-mix, respectively. e > 0.035,
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Table 1. The sequences used and sample names in the study

Name Sequence and Reference Topology®
TBA GGTTGGTGTGGTTGG" Antiparallel
22CTA AGGGCTAGGGCTAGGGCTAGGG! Antiparallel
Tel22 AGGGTTAGGGTTAGGGTTAGGG!'® Hybrid
4htel TAGGGTTAGGGTTAGGGTTAGGGTTY Hybrid
G4T2 GGGGTTGGGGTTGGGGTTGGGG Hybrid
G3T GGGTGGGTGGGTGGGY Parallel
222 GGGTTGGGTTGGGTTGGG!® Parallel
¢-MYC-mP TGGGAGGGGTGGGAGGGTGGGGY Parallel

2The G4 topology in 100 mM K* at 25°C as deduced from CD spectra and/or from the literature.

bThis sequence derived from c-MYC can only form a parallel structure.

e < —0.05,and —0.05 < e < 0.05 correspond to increase, de-
crease, and no change in CD signal after mixing, respectively.
We consider the changes in the range of —0.05 to 0.05 not to
be significant.

The conformation index r
Topologies were identified using the conformation index 7

7= CD26s/ (ICDags| + CDa9s + CDaa40),

where CDj49, CD2¢s, and CD5gs represent the CD signal at
240,265, and 295 nm, respectively; rpre and rpos represent the
conformation index of pre-mix and post-mix conditions, re-
spectively. These wavelengths were selected because they rep-
resent the three characteristic peaks of G4s. For instance, a
CD spectrum with a positive peak at 265 nm and a negative
peak at 240 nm corresponds to a parallel G4 structure. A spec-
trum showing positive peaks at both 295 and 240 nm, along
with a negative peak at 265 nm, corresponds to an antiparal-
lel G4 structure. It should be noted that for some sequences,
there might be slight variations in these wavelengths. The sum
of the 295 and 240 nm peaks allows to discriminate between
parallel and hybrid G4s; the peak at 265 nm provides insights
into antiparallel G4s. This is numerically expressed as 7, with
r > 1 for parallel G4s, 0 < r < 1 for hybrid G4s, and » < 0
for antiparallel G4s. The change in topology is numerically
expressed as Ar (either Arpre = Fpre — Tsum OF ATpost = Tpost
— Fsum)> With —0.1< Ar < 0.1 corresponds to a situation in
which there is no significant changes, Ar > 0.1 corresponds
to an increase in parallel topology, and Ar < 0.1 corresponds
to a decrease in parallel topology.

Results

To investigate the possible interactions between different G4
units, the CD technique was used as it is known to be widely
responsive to G4 folding topology. Spectra were recorded
in the three different situations described above, referred to
as PRE, POST, and SUM hereafter. First, the CD spectra
of each individual oligonucleotide collected in 100 mM K*
(Supplementary Fig. S1) confirmed that they adopt their ex-
pected topology. When mixing two G4s (POST), the result-
ing CD signal was often identical to the sum of the CD sig-
nal of the two individual G4s measured separately (SUM,
Supplementary Fig. S2), as expected. However, this was not al-
ways the case when recording the CD spectra of two sequences
mixed before annealing (PRE, Supplementary Fig. S2): this ob-
servation implies that some G-rich sequences do indeed inter-
act during the folding step. To characterize these interactions,
we divided the sequences into four categories depending on

the observed CD changes compared to SUM: (i) no signifi-
cant variation (Fig. 1A); (ii) increased signal (Fig. 1B); (iii) de-
creased signal (Fig. 1C); or (iv) change in CD shape (Fig. 1D).

To investigate these interactions in detail, we then pre-
pared 168 different mixtures (listed in Supplementary Fig. S2)
and then analyzed them in a systematic manner. To make
this analysis straightforward, we used the e index to de-
scribe the changes in CD intensity, defined as follows: e =
CDpeasured/CDsum = 1, where CDppeqqured and CDgun indicate
the measured CD signal and the SUM results at a specific
wavelength, typically corresponding to the highest positive
peak of CD spectra. As displayed in Fig. 1E, the e values of
the PRE mix of antiparallel and hybrid structures are com-
prised between —0.05 and 0.05, indicating that mixing these
oligonucleotides does not globally affect the final structure. In
a few cases, we obtained negative values (—0.05 or lower), im-
plying that the presence of one strand and/or G4s inhibits G4
formation (see the “Discussion” section below). The results
seen in Fig. 1 can be summarized as follows: (i) The PRE mix-
ture of parallel and antiparallel structures (Fig. 1E) had little
effect on the resulting solution, with a few interesting excep-
tions, for instance, when mixing 222 with other sequences:
large positive differences (e values >0.05) were obtained, in-
dicating that the 222 sequence—or its G4 structure—interacts
with other G4s and/or corresponding strands, facilitating their
folding; (ii) the PRE mixture of parallel and hybrid structures
(Fig. 1F) led to a large number of positive interactions; and
(iii) all POST mixtures (Supplementary Fig. S3) do not lead
to remarkable changes (—0.05 < e < 0.05). This first series of
results thus demonstrates that mixing G-rich oligonucleotides
before the annealing step (PRE mixtures) might thus have
strong consequences in terms of folding, likely as a result of
the interaction between the two G-strands and/or the corre-
sponding G4 folds.

To go a step further, we introduced » and Ar values,
which are used to illustrate the changes in G4 conforma-
tion. The r value is defined as follows: r = CDy45/(|CD2gs]|
+ CD295 + CDa49) [20, 21], where CD249, CD2gs, and CDos
represent the CD signal at 240,265, and 295 nm, respectively;
the Ar values are defined as follows: Arpre = #pre— 7sum and
Alpost = Tpost— Tsum> Where pre, 7post, and rqum represent the #
values of PRE and POST mixtures and SUM results, respec-
tively. As detailed in Fig. 1G and H (and Supplementary Fig.
S4), all PRE samples were very close to SUM, with the notable
exception of G4T2, and no conformational changes are ob-
served in POST samples as compared to SUM. As above, this
series of results indicates that the interactions underlying these
conformational changes, if any, occur during the co-folding
step only (in PRE mixtures) and not after annealing (in POST
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Figure 1. CD spectra of representative mixing cases (A-D) and data analysis of all the CD spectra (E-H). (A) Nearly no change in intensity, (B) increase in
intensity, (C) decrease in intensity, and (D) peaks shifted. Note: all raw spectra are shown in Supplementary Fig. S2; the four panels here are
representative cases of each situation. The observed discrepancy in panels (A-D) may result from different sequence composition. (E to H) Distribution
of epre and Aryre values of sequences with different conformations and mixing ratios, respectively. (E) ey of antiparallel structure is mixed with parallel
structure or hybrid structure; (F) ey of parallel structure mixed with hybrid structure. Panels (E) and (F) have the same scales; e > 0.05, e < —0.05, and
—0.05 < e < 0.05 correspond to an increase, decrease, and no change in CD signal after mixing, respectively. (G) Arpye of antiparallel structure is mixed
with parallel structure or hybrid structure. (H) Ary of parallel structure is mixed with hybrid structure. Panels (G) and (H) have the same scale; r> 1, 0 <
r<1,and r <0 correspond to predominantly parallel, hybrid, and antiparallel topologies, respectively. Arye =rpre — lsum, Alpost =lpost — fsum. —0.1 <
Ar< 0.1, Ar> 0.1, and Ar < 0.1 correspond to no change in topology, increase, and decrease in parallel topology proportion, respectively.

samples). This was further confirmed by the study of the influ-
ence of the mixing ratios (from 1:4 to 4:1) on intermolecular
G4 interactions (Fig. 1TE-H and Supplementary Fig. S2): As
above, some noticeable differences were obtained when vary-
ing the ratio of the PRE mixtures (for instance, that of 22CTA
and GA4T2, for which the 1:4 ratio led to a significant CD
change while the 4:1 did not, suggesting that when G4T2 is
predominant, 22CTA affects its folding dramatically, but not
vice versa), while no differences were observed with the POST
mixtures.

To go a step further in this analysis, we performed ther-
mal unfolding experiments (Fig. 2): individual CD spectra of
22CTA and G4T2 measured at different temperatures are dis-
played in Fig. 2A and B, while PRE or POST mixtures at 1:4
ratio are seen in Fig. 2C and D. This approach showed that
the CD signatures of the POST mixtures are in line with that

of G4T2 alone |[see, for instance, the signal obtained at 70°C
in Fig. 2D (POST) and B (G4T2)]: this likely originates in the
fact that 22CTA is unfolded at this temperature (see Fig. 2A)
and therefore does not contribute to a modification of the CD
signatures of the mixture. In sharp contrast, the CD signatures
of the PRE mixtures are different from the individual contri-
bution [see, for instance, the signal obtained at 70°C in Fig.
2C (PRE) and B (G4T2)], which differ not only in shape but
also in intensity (14 versus 22 mdeg). These observations led
us to hypothesize that PRE conditions allow for the interac-
tion between G-strands and/or the corresponding G4 folds to
form a novel structure. This was further supported by PAGE
analysis, SE-HPLC analyses, and NMR data. The PAGE re-
sult shows the disappearance of the G4 bands (Fig. 3A, lanes
5 and 6) and the appearance of a new band (lane 1), while the
control samples G4T2 and 222, which do not interact at 1:4
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Figure 2. CD spectra of 22CTA, G4T2, and pre-mix/ post-mix of 22CTA and G4T2 at different temperatures. (A) 5 uM 22CTA; (B) 5 uM G4T2; (C) Pre-mix
of 1 uM 22CTA and 4 uM G4T2; (D) Post-mix of 1 uM 22CTA and 4 uM G4T2 at 25°C (dark blue line, bold), 70°C (light orange line, bold) and 98°C (dark
red line, bold). When post-mix of 22CTA and G4T2 reaches 70°C (22CTA is nearly unfolded at this temperature), its CD spectrum is nearly identical to the
one of 4 uM G4T2. However, when pre-mix of 22CTA and G4T2 reaches 70°C, its CD spectrum is different from the one of 4 uM G4T2. Temperature

gradient of 1°C per minute.

ratio, did not show any changes (lanes 3 and 4). This result
implies that a new structure may be formed in the PRE con-
dition. SE-HPLC analyses confirm the appearance of a new
signal, whose exact nature remains to be deciphered (Fig. 3B).
Finally, the "H NMR analysis (Supplementary Fig. S5) also
indicates the formation of a new structure, which is different
from that of the mixed monomers.

These variable temperature experiments were extended
to the three other situations described in Fig. 1A-C (and
Supplementary Figs S6 and S7): (i) when the CD spectra of
both PRE or POST samples were identical to SUM at the cor-
responding temperatures; (ii) when the CD spectra of PRE
samples were different from SUM at low temperatures, in line
with the data shown in Fig. 1B and C, a difference that grad-
ually decreases to eventually vanishes, with increasing tem-
perature while the POST mixtures are similar to SUM at a
given temperature; and finally (iii) when the CD spectra of
the PRE samples showed a decrease in intensity as compared
to SUM, which suggests an inhibition of G4 folding. The sec-
ond situation is interesting: indeed, the maximal difference
was observed when the least stable G4 is completely unfolded;
this indicates a mutual influence (promotion or inhibition) of
the two G4 structures during the folding step. To gain in-
sights into the type of interactions that occur in PRE sam-

ples, which may involve single strands, partially folded G4s,
and/or stable G4 folds, we performed stopped-flow CD ki-
netic experiments: we selected 222, which leads to signifi-
cant variations when mixed with other sequences (see Fig. 1),
in the presence of either Tel22, G3T, 22CTA, or 4htel (Fig.
4). The folding rate of sequence 222 in 100 mM K% is 0.13
min~! at 25°C, which corresponds to rather slow folding ki-
netics (Supplementary Fig. S8A). Under the same conditions,
the folding of 22CTA, Tel22, G3T, and 4htel is faster, with
folding rates of 19.19, 2.67, 67.33, and 0.58 min~', respec-
tively (Supplementary Fig. S8B-E), i.e., 145.9-, 20.3-, 512.0-
, and 4.4-fold higher than 222, respectively (represented by
k(i)/k(222) values in Fig. 4E).

We therefore followed the folding of 222 alone or in
the presence of the pre-folded or single-stranded versions of
22CTA, Tel22, G3T, and 4htel: as seen in Fig. 4, the addition of
these four sequences to 222 affects the folding rate of 222. To
quantify this effect, we used the kgj,4c/kG4 ratio (Fig. 4E), and
this analysis led to a series of conclusions: The G4s with the
highest folding rates [22CTA and G3T, k(i)/k(222) > 100], i.e.,
which quite rapidly fold into their G4 structures, trigger the
smallest difference [A(Rgingle/kRG4) = 0.02]; Tel22, which has an
intermediate folding rate [k(i)/k(222) = 20.3], also leads to a
slightly more pronounced difference [A(kgingie/kG4) = 0.045];
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Figure 3. Analysis of the structure of 22CTA, G4T2-pre 1:4. (A) Electrophoregram. From left to right: (1) Pre-mix of 1 uM 22CTA and 4 uM G4T2; (2)
post-mix of T uM 22CTA and 4 uM G4T2; (3) pre-mix of 1 uM G4T2 and 4 uM 222; (4) post-mix of T uM G4T2 and 4 pM 222; (5) 5 uM 22CTA; (6) 5
uM 222; (7) 5 uM G4T2; (8) markers containing different length polyT. Panels (3) and (4) were chosen as control to exhibit that there is no new structure
in pre-mix/post-mix samples of 1 uM G4T2 and 4 uM 222; (B) SE-HPLC profiles of 10 uM 22CTA (black line), 40 uM G4T2 (red line), pre-mix of 10 uM
22CTA and 40 uM G4T2 (blue line), and post-mix of 10 uM 22CTA and 40 uM G4T2 (green line) in 100 mM KCI. It suggests that there may be new
structures in 22CTA, G4T2-pre 1:4. Inset: zoom-in of the 14.4-15.0 min region of the SE-HPLC profiles.

finally, the G4 with the lowest folding rate [4htel, k(i)/k(222)
= 4.4] leads to the biggest difference [A(kgingie/kGa) = 0.12].
This provides a strong argument for supporting the hypothe-
sis according to which the influence of Tel22, G3T, 22CTA, or
4htel on the folding of 222 primarily occurs through an inter-
action between the unfolded and/or partly folded sequences,
and not through their G4 folds. This also explains why POST
mixtures do not lead to real differences in e and € indexes,
because G4 are already folded and stable.

Of note, the generality of this approach was verified with
other mixtures at different concentration ratios (Fig. 5 and
Supplementary Fig. S9), and the collected results confirm that
this trend is general (that is, not sequence-dependent).

Discussion

We aimed here at providing insights into the way G-rich
DNA sequences fold into G4s in mixture with other DNA se-
quences, to recapitulate what may happen in cells. Our goal
was to understand whether it could be reproduced i vitro and
whether it is dictated by the G4 fold and/or the corresponding
primary sequences. As an example of a corresponding biologi-
cal process, a systematic analysis and experimental evaluation
of a number of biologically important RNA regions involv-

ing GG motifs was recently performed, and it was shown that
these motifs do not form stable intramolecular G4s but need
to dimerize in order to form stable G4s [22]. Herein, the ev-
idence we collected through three different techniques led us
to conclude that the intermolecular interactions between DNA
G4-forming sequences can indeed be monitored i vitro. It al-
lowed us to show that the influence that one sequence can
have on another sequence is primarily mediated by the inter-
action between their unfolded or partially folded states. These
observations are interesting, as DNA and RNA G4 folding has
often been seen as a purely intramolecular phenomenon in a
biological context: transient or long-lasting nucleic acid inter-
actions have long been overlooked. These inter-sequence inter-
actions [23, 24] may provide the basis for intermolecular ag-
gregation and LLPS, a critical phenomenon thought to be in-
volved in the regulation of gene expression. It may also explain
the length-dependent genomic instability reported for the G-
rich human minisatellite CEB1, which not only depends on the
potential to form intramolecular G4 structures for each indi-
vidual repeat but also on the presence of multiple repeats al-
lowing local interactions between individual G4s [25]. In this
context, G4s can be considered as targets for small molecules
(ligands) in order to interfere with these supramolecular reg-
ulatory mechanisms. Our results suggest that G4-forming se-
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Figure 4. Time tracking curves of different samples. The time tracking curves of 5 M 222 after the addition of 5 WM random coiled sequences (orange
line, Ksingie) Or G4 structures (blue line, ka4) of (A) 22CTA, (B) Tel22, (C) G3T, and (D) 4htel in 100 mM K* at 25°C at 264 nm. The corresponding folding
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of folding rate of 222 in the presence of single strands or G4s. The closer the value is to 1, the smaller the gap is. (F) Schematic of the folding times
(time to reach 95% formation) of 222, 22CTA, Tel22, G3T, and 4htel.
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Figure 5. CD spectra of the mixture of identical conformational sequences. CD spectra of mix of (A) TBA, 22CTA, (B) G3T, 222, (C) Tel22, G4T2 in 100
mM KCl at 25°C (pH 7). The total concentration of DNA was 5 uM. The mixing ratios are 1:4, 2:3, 3:2, and 4:1 from left (column 1) to right (column 4),
respectively. The black, red, and blue lines represent pre-mix, post-mix, and the sum of two sequences, respectively.
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quences likely interact through their primary sequences, which
thus has practical consequences in the aim of gaining control
over this regulatory element via the use of ad hoc pharma-
cophores (which should not target the G4 folds but the cor-
responding sequences, vig an antisense strategy for instance).
Massive efforts must now be invested to assess whether these
in vitro interactions can be reliably translated into cellular en-
vironments; our results nevertheless open a new—and very
original—way to influence and harness G4-associated DNA
transactions.
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