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ABSTRACT: G-quadruplexes (G4s) are challenging targets for A 2 Soucific
chemical biology interventions, notably because of their dynamic ssDNA 'X‘ HE [ZJTipme ity
topological polymorphism. We found that the antibiotic small- L/]’ @ BEUNE 1 st effective
molecule colistin (COL) interacts specifically with a single subtype | —> + || \| <« @9 |:> s 0

of G4 structures, the so-called parallel G4s. This interaction triggers | Colistin Parallel G4 f FETEEa o L~
the aggregation of the G4/COL complexes in a structure-specific MDD nonrGa

manner, which can thus be separated from the bulk solution by DN ——

centrifugation. This unprecedented mode of affinity-precipitation
was exploited here to design the COL-induced RNA G4
precipitation and sequencing (CoRP-seq) protocol, which allows for the assessment of the prevalence of RNA G4s in the
transcriptome of human cells in a straightforward manner. CoRP-seq shines by its ultraspecificity, simplicity, and practical
convenience, which thus advances G4 mapping further and addresses unmet needs in the field of G4omics.

B INTRODUCTION have developed transcriptome-wide methods to assess the

. 23-26
Beyond the canonical double helix of DNA (also known as B- prevalence and functional relevance of rGas: these

23
DNA), the alphabet of DNA structures now comprises a dozen methods rely on the use of aptam2e7r_szg(L—RNA ap Famer) ’
letters, including G-DNA (G-quadruplex or G4), H-DNA small molecules (TASQs for G4RP), or antibodies (BG4

30,31
(triplex), and i-DNA (i-motif)."” These structures fold from for BG4 ‘,“’RIP and rG4IP_) to cap ture rG4s and separate
. . . the resulting complexes using magnetic beads (MBs) prior to
repeated sequences, which are both widespread in our genome 8 P § Mmag P
(covering more than $0%) and located in key regulato the release of the sequences and their identification by either
regions.”* Among these non-B-DNA struthres,g whicr})lf RT-gPCR or sequencing. These multistep procedures are
constitute up to 13% of the human genome,” G4s rank high: efficient buF Atechmcall‘y challenglr}g and tlme-?onsumlng as
it is now established that more than one million potential G4- Well,' In addition, the different heating steps required for cross-
forming sequences can be found in our genome,”’ being %mkmg reversal step or release of the RNA Sampl.es’32ﬁ3§
notably enriched in regions involved in key cellular events }Ir'l}s:anlc ec’l rnayt datr}rllggl(e };NAt ?d_th}ls be pr?tne t(t)' bias.
(origins of replication, telomere homeostasis, transcription A ' hi ‘ us :1) mt aloi esigning Ga4n Ia e;na Ve rtnore
factor recruitment, chromatin organization, etc.).””"" Ga4s fold straightiorwarc protocol to assess r andscapes  tran-

. . . . scriptome-wide.
from guanine (G)-rich sequences; their formation results from P

the self-assembly of Gs to form G-quartets (via Hoogsteen H- TE t}il,s enci, gzr.e%oth.ere Ori,the, thStm (S?Lgl;medlaiegl
bonds) and the self-stacking of G-quartets (via 7—x stacking) puriiication oL ra®s: 18 a cationic decapepltide Lrigure 2

12 o . previously used to fight against drug-resistant bacteria.”**’
to form the G4 core.” The combination of the different e .
- Thanks to electrostatic interactions between COL and G4s and
structural characteristics of a G4 structure (loop arrangements,

1 . . . 13 . . efficient 7—7 stacking between different COL-bound G4 units,
glycos.1d1c angles, strand orfentation, Flgur.e S1)™ gives rise to COL can selectively induce the structure-specific aggregation
2 varle'ty of DNA G4. (dG4) topologies . that. have been of G4s, especially parallel G4s, from a mixture of nucleic acids
conveniently classified into three categories, ie., parallel, (Figure 1a). We thus report on a new method named CoRP-
antiparallel, and hybrid G4s (Figure S1).'"* The study on & ’ P

RNA G-quadruplexes (rG4s) revealed that most adopt parallel

. =]ACS
G4,"° with some notable exceptions (i.e.,, GFP-like fluorescent Received: January 20, 2025 J AL
RNA aptamers such as RNA Mango).'® Revised:  February 15, 2025
rG4s, like dG4s, play important roles in RNA metabolism for Accepted:  February 18, 2025

both coding'’™" and noncoding RNAs.””*' Mapping the Published: March 6, 2025
distribution of rG4s within the human transcriptome has been
critical to understanding their functions.'®** We and others
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Figure 1. Colistin (COL) selectively induces parallel G-quadruplex (G4) aggregation, which allows for the isolation of rG4s for library preparation.
(a) COL induces parallel G4 into aggregation rather than single strand. Amino groups (in red) of COL are the key site to recognize of parallel G4
and regulate the aggregation of G4 and COL. (b) Scheme of COL-induced G4-RNA precipitation (CoRP) for library preparation. COL can isolate
rG4 rather than ssRNA or hairpin by structure-specific aggregation from RNA extract of HeLa cells. Enriched rG4 can be easily purified and

analyzed on next generation sequencing (NGS).

seq (for COL-induced RNA G4 precipitation and sequencing)
that is used here to identify rG4s from HeLa cell lysates
without MB purification, within 15 min (Figure 1b). To show
its superiority over other techniques, we developed a BG4-
based technique referred to as BG4-RIP-seq and systematically
compared the results obtained by the two techniques. We
found that CoRP-seq, beyond being more practically
convenient, also allows for the ultraspecific identification of
rG4s from mRNA,***” ncRNA,**** and even the atypical left-
handed pUG folds,*® which were not identified by previous
methods. This indicates the great potential of CoRP-seq for
transcriptome-wide G4 mapping.

B RESULTS AND DISCUSSION

Selectivity of COL for Parallel G-Quadruplex Struc-
tures. While thousands of molecules have been tested as G4
hgands, few antibiotics,” such as neomycin®® and distamy-
cin,*' which are well-known and widely used in traditional
pharmacopoeia, were explored. To screen novel G4 ligands
from antibiotics, we first assessed here the binding of 8 natural
products, including COL, along with vancomycin, thiamphe-
nicol, fluconazole, fosfomycin, kanamycin, tetracycline, and
procaine penicillin G (Figure S2), to various DNA structures,
including single-stranded DNA (ssDNA), duplex DNA
(dsDNA), i-motif, and three different types of G4s (Table
S1) by circular dichroism (CD) and UV—vis spectra. After
checking antibiotics” spectroscopic suitability (Figures S3 and
S4), we found that only COL had a marked effect on G4s
(Figures S5—S9): COL indeed drives G4 aggregation, as
demonstrated by the turbidification of the solution containing
parallel G4 upon addition of COL (Figures 2a and S10), which
is not observed with other DNA structures. An analysis by
confocal laser scanning microscopy (CLSM) showed that these
aggregates have subglobose shapes, with both parallel dG4 and
rG4 (Figures S11 and S12).

COL-Driven Parallel G-Quadruplex Aggregation. We
next labeled a parallel G4 (here, N-myc) or an ssDNA with
TAMRA (shown in Table S2), and both of them were mixed
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with COL. As seen in Figure 2b, bright field imaging confirmed
the formation of particles in a structure-dependent manner:
only the interaction between COL and TAMRA-modified N-
myc G4 led to fluorescent particles, demonstrating that COL
induced the aggregation of G4 only. This was further
substantiated by CD investigations, which showed that the
typical G4 CD signal at 263 nm decreased concomitantly with
the increase in the typical turbidity signal at S00 nm (Figure
2¢). This aggregation was obtained for parallel G4s, including
mono- and tetramolecular G4s, inferring that COL induces
parallel G4 aggregation regardless of their molecularity (intra-
or intermolecular, Figures 2d, S7 and S8). We thus verified that
this COL-mediated G4 aggregation is operative with rG4s,
given their pervasive parallel topology (Figures 2d, S13 and
S14)"® and also found that it is lost upon sequence mutations
that abrogated G4 folding (Figure S15 and Table S3). We also
assessed its validity with parallel G4 of inverted helicity (i.e.,
the left-handed DNA structure ZG4),*> and the results
obtained proved its generality (Figure S16). The interaction
between COL and labeled N-myc G4 was further characterized
by fluorescence titration (K, p = 40.9 nM) and biolayer
interferometry (BLI, Kp p; = 27.7 nM), while weaker
interaction was detectable with nonparallel G4s and random
strand (Figures 2e, S17, and S18), which thus confirmed that
COL has high affinity and selectivity for parallel G4s.
Detailed Interaction between COL and Parallel G4.
To further study the interaction between COL and parallel G4,
we first performed fluorescent recovery after photobleaching
(FRAP) experiments and found that the fluorescence of the
particles formed by N-myc G4 and COL can be partly
recovered after photobleaching for 100 s, which is similar to
phase separation behavior (Figure S$19).**** Next, we
performed CD and UV titration experiments with different
parallel G4s (N-myc, Myc234S, c-kit2, CEB2S, and RAS;
Figure S20): the ellipticity of G4 remarkably decreased with
the increase in turbidity; upon addition of COL, the maximum
of aggregation being reached at a 5:1 COL:G4 ratio. The
stoichiometry of this association was further investigated by
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Figure 2. COL selectively induces the aggregation of parallel G4. (a) Photographs of 10 #M ssDNA and parallel G4 DNAs with 50 uM COL.
Photographs of other DNA topologies with COL are shown in Figure S10. (b) Mixtures of S uM TAMRA-modified N-myc G4 and ssDNA or
TAMRA-modified ssDNA and N-myc G4 with 10 uM COL that lead to the formation of particles. The control data are shown in Figure S11b. Scale
bar is S ym; “BF” stands for bright field. (c) CD (above) and UV—vis (below) spectra of S M parallel N-myc G4 in the absence (black) and
presence (red) of 25 uM COL. (d) Topologies dependence of COL. Decrease in ellipticity at nucleic acids specific wavelength (plain bars) and
turbidity (S00 nm at UV—vis spectra) (striped bars) of different kinds of nucleic acids structures in the presence of COL. The characteristic
wavelengths of single-strand, double-strand, i-motif, parallel, hybrid, and antiparallel G4s in CD spectra are 270, 275, 263, 290, and 290 nm,
respectively. All sequences are listed in Table S1. (e) BLI binding kinetics of COL to N-myc G4 and the N-myc mutation sequence. The
concentration of COL ranges from 1.5 to 100 nM. (f) Possible progress of COL-induced G4 aggregation. (g) pH dependence of the COL
interaction with N-myc G4. Different values in CD at 263 nm (black), turbidity (red), and dynamic light scattering (DLS) characterization (blue) of

N-myc G4 in the presence of COL at pH 2, 7, and 9.

Job plots performed with both N-myc and c-kit2 G4s (Figure
S21): the 3:1 ratio observed indicates that COL interacts with
G4s is multiple, depending on the experimental setup, certainly
driven by a dual G-quartet/groove interaction.

COL might thus act as a molecular glue that, through
electrostatic interactions, binds simultaneously to the groove of
two G4s generating clusters, and 7—7 stacking of G4-G4
promotes the aggregation (Figure 2f).*’ To investigate this, we
first modified the COL to colistimethate sodium (CMS) and
linear peptide (the linear peptide obtained after ring opening
of COL): we found that the amino group of COL is the driving
force of G4 aggregation and the ring of COL promotes the
aggregation (Figure S22). Interestingly, the interaction of COL
with paralle] G4 was found to be sequence-dependent (Figures
S17 and S18), indicating that it recognizes and interacts with
the parallel G4 structure only. Taking N-myc G4 as a model of
parallel G4, we next performed ligand competition with either
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neomycin,40 one of the few known G4 groove binders, and
ZnDIGP,* known to strongly stack atop the accessible G-
quartet of a G4: CD, UV—vis, and CLSM results showed a
weakened G4 aggregation in the presence of both neomycin
and ZnDIGP (Figure S23), suggesting that COL might
interact with both groove and G-quartet for triggering G4
aggregation.

To further investigate this, we performed *'P NMR
experiments (Figure S24): the chemical shifts of the G4
structure upon COL addition indicate an interaction in close
proximity to the phosphate groups of the G4, such as those
found in the grooves. In addition, the extension of loop length
does not inhibit the aggregation (Figure S25). 'H NMR
experiments revealed chemical shifts for H atoms pointing in
the grooves (GS, G1S5, G16, G17, Al18, and A19), which was
consistent with a groove binding mode (Figure $26).*>*!
Then, we modified c-kit2,*® a parallel G4 with noncanonical

https://doi.org/10.1021/jacs.5c01172
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Figure 3. COL can isolate parallel G4s. (a) Schematic representation of the selective COL-induced G4 aggregation separation (SCGAS). (b)
Recovery of different DNA structures by the addition of COL. CD spectra demonstrated that parallel G4s can be completely recovered, while other
DNAs still remain in the supernatant. (c) Recycle rate (%) and enrichment factor of different nucleic acids by SCGAS. From left to right: DNA G4s
contained parallel G4s (in blue), hybrid G4 (in begonia red), antiparallel G4 (in green); hairpin (in black); RNA G4s are in light blue. Note:
CEB2S mT is a DNA G4 sequence with a long loop; G3U9 and TRF2-EF-40 are RNA G4 sequences with long loop and flank, respectively. (d)
Native polyacrylamide gel electrophoresis displayed selective capture of parallel G4 among different structural nucleic acids mixed sample by
SCGAS. Lanes 1—3 were RNA G4 (RAS) and two linear RNA (rRND4 and RAS-mut), respectively; lanes 4—6 were RNA G4 mixed with rRND4,
RAS-mut and both of them, respectively; lanes 7—9 displayed mixed sample from lanes 4—6 were treated by SCGAS, and then resuspending from

precipitations were visualized. All sequences are listed in Table S1.

base pairs stacked on a terminal G-quartet: G4 aggregation
becomes more pronounced when these base pairs are mutated
and the terminal G-quartet is fully exposed (Figure S27).
Altogether, these results infer that the aggregation of parallel
G4s selectively induced by COL likely originates in its ability
to associate G4s via groove binding and make the resulting
multi-G4 edifices stable thanks to efficient 7—n stacking
between their terminal G-quartets (Figure 2f).***
Controlling COL-Promoted G-Quadruplex Aggrega-
tion. Given that the concomitant decrease in ellipticity and
increase in turbidity described above remarkably relate to the
aggregation events (Figure S28), we used them to assess how
the experimental conditions governed COL-mediated G4
aggregation. First, we studied the effect of pH: dynamic light
scattering (DLS), CD, and UV—vis analyses showed that the
particles were formed under neutral and acidic, but not basic,
conditions (Figures 2g and $28—S30), likely because of the
protonable residues of COL (pK, ~ 10), which trigger
electrostatically and m—n stacking-driven G4 aggregation
(discussed above) only when protonated (below pH ~ 8).*’
Then, we studied the effect of cations: we found that COL-
mediated G4 aggregation is ion-independent, occurring in the
presence of K, Na*, and Li* (Figures $31—S33), which thus
highlighted that the aggregation is primarily driven by the G4/
COL association. Finally, the stability of the G4/COL particles
was found to decrease with temperature, in the temperature
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range where the G4 melts (Figure $34), demonstrating that G4
formation is critical for aggregation. It should be noted that
COL differs from other ligands affecting the properties of G4,
as it neither stabilizes G4 nor promotes G4 formation, as
confirmed by thermal, NMM and ThT fluorescence imaging,
G4-forming dependence, and enzyme inhibition experiments
(Figures S34—S37 and Table S4). Collectively, these experi-
ments demonstrated that G4/COL aggregation can be fully
harnessed, being regulated by pH, heat, and ionic conditions.

Parallel G-Quadruplex Topology Sorting. We further
exploited this specific, strong, and reversible association and
designed an assay termed selective COL-induced G4
aggregation separation (SCGAS, Figures 3a and S38). Upon
interaction with COL, G4-based spherical particles rapidly
form in neutral solution (<$ min) and quickly dissociate/
reassociate (<1 min) upon pH variations from 9 to 7 (G4s are
stable at pH 9, Figure S29), in a manner that is both repeatable
(Figure S39) and specific for parallel G4s (Figure 3b) without
RNA degradation during resolubilization (Figure $40). Indeed,
the SCGAS reversibility reaches >60% with parallel dG4s and
rG4s (i.e, Myc234S, N-myc, SRC, TRF2, RAS, P53, and
22AG) versus <20% for HTG, C9orf72, and ds26 (Figure 3c).
We thus performed SCGAS in a competitive manner (i.e., with
a mixture of parallel and antiparallel G4s) (Figure S39). This
demonstrated the specificity for parallel G4 of the COL-
induced G4 aggregation, even with the highly polymorphic
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Figure 4. Whole-genome rG4 mapping by COL-induced RNA G#4 precipitation and sequencing (CoRP-seq). (a) Schematic representation of the
isolation of G4 targets from HeLa cell extracts using COL-induced G4-specific precipitation (CoRP). (b) CoRP signals of control versus COL
through RT-qPCR quantification of VEGF, NRAS, and HPRT1 mRNA levels. The qPCR signal is normalized to the CMS group, and the folds of
enrichment are labeled in the figure. (c) A representative integrative genomics viewer (IGV) snapshot of CoRP-seq library including K* treated
(orange), Li* control (red), and input (blue). Enrichment of rG4 in CDS (left), UTR (middle), and reported IncRNA (right). Barplot (bottom)
shows the joint transcript coordinates. Rectangle bars represent rG4 (top, green) region and predicted G4 (pG4) (bottom, yellow) region. pG4
sequences are obtained by hierarchical assignment using hg38 reference gene as descried in Materials and Methods section. Whether CoRP-seq can
enrich G4-forming sequences was estimated by rG4 region matches with pG4 or not. (d) Pie (left) and density plots (right) show peak density of
rG4 in different region of mRNA. (e) Fold enrichment of reported genes contained rG4 for CoRP-seq. The vertical axis indicates fold enrichment

(COL/input) and the color represents —logy, (p-value).

human telomeric G4** (Figures S41, $42, and Table S5). We
also showed that SCGAS is able to discriminate a DNA G4
(Myc2345) from ssDNA (A20) and dsDNA (ds17) (Figure
$43) and that it works with RNA G#4s as well, being specific for
rG4s over ssRNA (Figure 3d), even in a competitive context
(10-fold excess; Figure S44). To go a step further toward
biological applications, we included a rG4-forming sequence
embedded in a longer RNA fragment, designing TRF2 with
flanking extensions of 10, 20, and 40 nucleotides (i.e., TRF2-
EF-10, 20, and 40, respectively) along with its mutated, non-
tG4-forming analog TRF2-EF-40-mut (Figure S45 and Table
S$3): we found that SCGAS works quite well with these longer
sequences, again in a highly G4-specific manner (Figure 3c).

CoRP-Seq Identifies Transcriptome-Wide RNA G4s.
We next investigated the reliability of COL-induced RNA G4
precipitation (CoRP) in human cells (HeLa cells). The
schematic representation of the CoRP protocol can be seen
in Figure 4a: briefly, RNA extracts from HeLa cell lysates were
incubated with a high concentration of COL (100 M) for §
min before the isolation of the COL/rG4 complexes by
centrifugation; next, these samples were resuspended in 10
mM Tris-HCI buffer containing 100 mM LiCl, and the pH was
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adjusted to 8.8 to dissociate the aggregates before the isolation
of the RNA fragments using TRIZOL (Figure S46). We first
assessed the efficiency of the CoRP protocol by RT-qPCR
using two well-known rG4-containing mRNAs, NRAS and
VEGEF, and an unstructured RNA control, HPRT1. Compared
with HPRT1 in the K* treated condition, NRAS was 3.1-fold
enriched when normalized against CMS (control), while
VEGF was 4.0-fold enriched (Figure 4b and Table S6). The
G4 nature of these transcripts was confirmed by the
modulation of the cationic content of the CoRP buffers, the
qPCR signals being higher in K* versus Li" buffers, for both
NRAS (4.3-fold) and VEGF (5.2-fold) (Figure 4b). These
results thus showed that the CoORP-RT-qPCR method is suited
to the identification of biologically relevant rG4-containing
RNA sequences from HeLa cells.

Next, we implemented CoRP-seq to map rG4s tran-
scriptome-wide (Figures S47): two biological replicates were
conducted in K*- and Li*-rich conditions (along with an input
control), and high correlation coefficients were obtained for
each treatment (Figure S48). We found 6,959 rG4 peaks
(relative to input) common to the biological replicates in K*-
rich conditions: most rG4 peaks corresponded to protein-
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(IGV) snapshot of CoRP-seq and BG4-RIP-seq in PROSERI region. (f) Pairwise comparisons of enriched sequences for CoRP-seq (1 yg input
RNA) relative to input, BG4-RIP-seq (10 pg input RNA) relative to input, and rG4-seq; rG4-seq data were from Gene Expression Omnibus
GSE77282. (g) Length distribution of G4 peaks detected using CoRP-seq (blue) and BG4-RIP-seq (yellow). (h) Motif discovery using MEME for
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prefers that G4 structure. (j) Enrichment of rG4 in 3’ UTR region with (GU), motif, which can form left-handed G4 (n > 12). Middle: IGV
snapshot of CoRP-seq and BG4-RIP-seq in SFN-201 region; right: fold enrichment of normalized read counts by CoRP-seq (1 yg input RNA)
versus input and BG4-RIP-seq (10 ug input RNA) versus Flag in the KCNJ12-202 and SFN-201 region.
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coding mRNA (69.9%) and 22.7% to noncoding RNA (Figure
S49). The integrative genomics viewer (IGV) analysis seen in
Figure 4c showed a notable enrichment of rG4s in K- versus
Li*-rich conditions and input, and an excellent match with
predicted G4 (pG4) sequences (using fastaRegexFinder).
Besides coding sequences (CDSs) and untranslated regions
(UTRs), several noncoding RNAs with previously reported
rG4'® have also been identified, suggesting the accuracy of rG4
mapping by CoRP-seq (Figures 4c and S50). Also, CoRP-se
even enriched left-handed rG4s folding from (UG),’
sequences, which was confirmed by RT-qPCR and CD spectra
(Figures SS1—S53 and Table S4). These results indicate that
the CoRP protocol is unique in its ability to capture rG4s. The
distribution of rG4s across the RNA transcripts was uneven,
being mostly located in 3'-UTR (44.3%) versus CDS (37.0%)
and S’-UTR (18.7%, Figure 4d). To further confirm the
accuracy of the identification of rG4, three G4-containing
(positive) loci and two loci devoid of G4 (negative) were
evaluated by CoRP-RT-qPCR (Table S6), and we found that
positive loci were strongly enriched (3.8- to 4.5 fold) relative to
negative loci (Figure S52). Of note, the G4 nature (or not) of
the positive and negative loci was verified by CD (Figure S54
and Table S7). The gene ontology (GO) analysis of the rG4-
containing transcripts was displayed in Figure S55 and Table
S8. Furthermore, several reported genes (e.g., BCL-2, PSD)
containing G4-forming sequences were enriched by CoRP-seq
(Figure 4e). 1830 Collectively, all the above results confirm that
the quality of our rG4 data can be justified for the downstream
assay.

Comparison of CoRP-Seq and BG4-RIP-Seq. The
efficiency of CoRP-seq was thus compared with an alternative
BG4-based technique that we refer to as BG4-RIP-seq (Figure
Sa—c). In this protocol, we employed 3 yg of BG4 antibody for
10 pug fragment RNA incubated at 150 mM K* (along with
input and flag controls), performing two biological replicates.
After capture by MB and purification by heat and proteinase K
treatments, enriched RNAs were handled as previously
described.”’ BG4-RIP-seq led to the identification of rG4 in
the 10 pug input RNA with over 20 million RNA-obtained
sequence reads and >75% mapped ratio (Figures 5d and S56).
An IGV snapshot of BG4-RIP-seq displayed a notable
enrichment of rG4s relative to the input control (Figure Se).
We found that only 41.3% of detected genes were common to
CoRP-seq and BG4-RIP-seq relative to input (Figures Sf and
S57). We also compared enriched genes with rG4-seq and
found that BG4-RIP-seq and CoRP-seq have 626 and 945
common G4 sequences compared with rG4-seq, respectively
(Figure Sf). This result is interesting, as the overlap is indeed
significantly higher with CoRP-seq, possibly highlighting the
advantage of this method to identify true G4-forming motifs.

To understand this difference, we investigated the length
distribution of G4 peaks and found that the G4 peak
distribution is wider for BG4 (average length: 341 bp) than
for COL (average length: 275 bp), likely originating from a
significant difference in capture efficiency (Figure Sg). Motif
analysis showed that BG4-RIP-seq prefers 2-quartet rG4s and
those that fold from (GGA), repeats, while CoRP-seq prefers
3-quartet rG4s (Figures Sh,i, and S58). Quite uniquely, CoRP-
seq enriches left-handed rG4 found in KCNJ12-202 and SEN-
201 (3.3- and 3.4-fold relative to input, respectively) regions
where BG4-RIP-seq shows less enrichment (Figures Sj and
S51). Therefore, the differences between the two molecular
tools BG4 and COL likely result from a difference in G4
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binding, COL primarily interacting with parallel G4s (without
induction and/or stabilization), while BG4 is a pan-G4
interacting agent, enriching G4s whatever the nature of their
G4 fold.*

All CoRP-seq libraries demonstrated excellent sequencing
correlations and a high level of reproducibility, even with an
amount of input RNA as low as 1 pg, which is one tenth of the
amount required for BG4-RIP (see the principal component
analysis in Figure S47). To better highlight this difference, we
performed BG4-RIP-seq with only 1 pg of RNA and obtained
low quality results, both in terms of mapping (<30%) and
sequence reads (<10 M; Figures Sde, S47, and S56); in
contrast, when performed with 0.5 ug, CoRP-seq led to high
mapping (75%) and sequence reads (4S5.1 million) (Figure
$59), confirming its higher sensitivity and practical conven-
ience.

B CONCLUSION

We benefit here from the quite unique G4-recognizing
properties of COL (that is, its ability to interact with and
aggregate parallel G4s only) for further advancing the G4
sequencing arsenal. The origins of these unique properties
remain speculative at this stage, but chemical modification
experiments along with NMR data point toward a groove
binding, which leads G4/COL complexes to readily aggregate
between accessible G-qzuartets via m—7 stacking, or via a COL
molecular glue effect,™ making the resulting supramolecular
assemblies easily isolable by centrifugation. We thus showed
here that COL effectively precipitates parallel G4s only, both
dG4s and rG4s, and that this unprecedented affinity capture
method could be used both in vitro via the selective COL-
induced G4 aggregation separation (SCGAS) protocol, and
with cell lysates via the COL-induced G4 RNA-specific
precipitation (CoRP) protocol, implementable in both RT-
gqPCR and sequencing-based versions (CoRP-seq). The
former, SCGAS, is a reliable way to separate different dG4/
rG4 topologies from nucleic acid mixtures in vitro and
represents a new solution to govern G4 topology of
polymorphic and highly dynamic structures; the Ilatter,
CoRP-seq, represents a real breakthrough in the field of G4
sequencing as it does not involve the heterogeneous magnetic
bead (MB)-based isolation of captured G4-forming sequences,
as do the competitive techniques G4RP-seq and BG4-RIP-seq.
CoRP-seq offers an alternative way to sequence RNA G4s,
which is not only easier and faster but also less expensive and
experimentally independent than previously reported methods.

From a more technical point of view, the total time of the
CoRP protocol is 025 h from incubation, G4 fragment
capture, to purification, which has to be compared with the S h
required between the same steps for the BG4-RIP protocol
(Figure Sc). Also, the purification of the enriched RNA
samples is performed at room temperature for CoRP versus 50
°C for BG4-RIP. Given the known fragility of RNAs (Figure
S60), shorter and softer protocols are thus to be favored, as
they might portray the rG4 landscapes more accurately. The
CoRP-seq protocol is simple to implement and allows for
avoiding RNA degradation; it is also highly sensitive as the
direct comparison with BG4-RIP-seq indicates that the
minimal RNA amount requested for reliable experiments for
CoRP-seq is roughly one tenth of that required by BG4-RIP-
seq. Moreover, CoRP-seq identified most of the rG4 peaks
located in UTR distribution, which is in agreement with rG4-
seq (the reference technique based on reverse transcriptase
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(RT)-stalling proﬁling),23 but the proportion of rG4s in CDS
has increased compared with rG4-seq. CoRP-seq thus
represents an important step forward in the simplification of
in vitro rG4 mapping techniques. This makes CoRP techniques
(CoRP-RT-qPCR and CoRP-seq) accessible to all, which is
the surest pledge for democratizing, that is, advancing and
boosting G4 research further.

B MATERIALS AND METHODS

Specificity Experiments. The sequences of the DNA and
RNA oligonucleotides used herein are given in Table S1. The
preparation of these sequences is described in the Supporting
Information, Methods section. The CD spectra were collected
from 220 to 350 nm, and UV—vis spectra were recorded from
220 to 800 nm. To simply analyze and compare UV—vis and
CD data, we chose the change in the strongest bands in CD
spectra (e.g., 263 or 290 nm depending on G4 structures) and
the absorbance at 500 nm (turbidity) of respective nucleic acid
structures to judge the degree of binding between DNA and
antibiotics. The specific wavelengths of single-strand DNA
(ssDNA) and RNA (ssRNA), double-strand DNA (dsDNA), i-
motif, parallel G4, hybrid G4, and antiparallel G4 in CD
spectra are 270, 270, 275, 263, 290, and 290 nm, respectively.
The decrease in ellipticity at DNA and RNA specific
wavelengths (%) obtained by CD spectra at characteristic
wavelengths was calculated as eq 1:

CD - CD _
DNA/RNA DNA/RNA-SCOL 15000

(1)

where CDpya/rna @and CDpna/rnasscor indicate CD spectra of
S #M DNA or RNA at the specific wavelengths in the absence
and presence of 25 uM COL.

Selective Colistin-Induced G-Quadruplex Aggrega-
tion Separation (SCGAS). The sequences of the oligonu-
cleotides used here are given in Table S3. The in vitro G4
capture experiments were performed in a 500-yL final volume
as follows: first, the 25 uM COL was added with
oligonucleotides (S M), and the mixture solution was stirred
for 30 s and incubated at 25 °C for S min. To this end, the
mixture solution was centrifuged for S min (10000 r.p.m.), and
the supernatant was removed while the precipitate was
resuspended in S00 yL of 10 mM Tris-HCI buffer (pH 8.8,
100 mM LiCl). The absorbance of the resuspended solution
was collected by a Cary 3500 UV—vis spectrophotometer. The
control oligonucleotides were prepared as above except for the
addition of COL and were kept in 500 #L of 10 mM Tris-HCI
buffer (pH 8.8, 100 mM LiCl). This allowed for a direct
quantification of the COL capture efficiency. To account for
the difference in nucleotides, the concentrations of nucleic acid
in long loop and long groups and colistin were calculated by
the phosphate group, [c”], and amino group, [c*], respectively.
The concentrations of both [¢™] and [c*] are 100 and 125 uM,
respectively. All experiments were performed in triplicates.

Competitive experiments were performed with COL (25
uM), G4 (5 uM), and the nucleic acid competitors (S uM).
The capture process was performed as above. All supernatants
were diluted five times, and control samples were 1 M. The
pull-down assay in the mixture was visualized in 10% native
polyacrylamide gel (PAGE) at 130 V for 45 min. The PAGE
image was acquired with a ChemiDoc MP Imaging System
(Bio-Rad, USA) before staining with SYBR Gold Nucleic Acid
Gel Stain for 20 min.

CD DNA/RNA

9969

COL-Induced G4 RNA-Specific Precipitation (CoRP).
HeLa cells were scraped and resuspended in TRIZOL and
then sonicated using a Covaris M220 Ultrasonicator with
default settings at 10% duty for 5 min. Fragmented RNA
(100—500 nt) was extracted using the manufacturer’s
instructions. The 2 pg total RNA sample was then divided
into two parts for 150 mM Li* and 150 mM K" in cacodylic
acid buffer at 60 °C for S min, then slowly cooled down to
room temperature. Five percent of the incubated sample was
collected as the input control. Next, samples were incubated
with 100 uM COL for S min after being diluted in 10 mM of
Li* or K. COL-containing samples were centrifuged for 5 min
(4 °C, 10000 rpm), and the supernatant was removed. The
precipitate was resuspended with 10 mM Tris-HCI buffer (pH
8.8, 100 mM LiCl) and then extracted using the Qiagen
RNeasy Plus Mini Kit following the manufacturer’s protocol.
All experiments were performed in triplicate.

Figures’ Design. All of the plots were generated by Prism,
R, Image], and Origin software, and the schematic
representations were created by BioRender.com.
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Data Availability Statement
The sequencing data have been deposited into NCBI's Gene
Expression Omnibus and are accessible at GSE260479.
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Additional experimental details, materials, and methods,
including oligonucleotide sequences used in the study;
the interactions between G4 and COL analyzed by UV—
vis, CD, NMR, BLI, fluorescence and gel electro-
phoresis; the properties of aggregation measured by
DLS, CLSM imaging and FRAP; rG4 enrichment
validated by RT-qPCR; establishment of CoRP-seq
and BG4-RIP-seq, and statistical analysis. The file also
contains Supplementary Figures S1—S60 and Tables
S1-S8 (PDF)
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