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Abstract   G-quadruplexes (G4s) are important regulatory elements for both genetics and epigenetics. Their biological functions mostly rely on 
their shapes, as a guanine (G)-rich sequence can fold into G4 structures in more than 20 different ways. This shape governs not only their folding 
kinetics and stability, but also the way G4s interact with cellular effectors, mostly G4-binding proteins. However, there are still some limitations in 
the simple and reliable identification of G4 topologies. Herein, we propose a novel method relying on the fast formation of G4 topology-dependent 
particles upon G4 interaction with colistin (COL): monitoring the number, size and shape of these aggregates using a routine bright-field microscope 
allows for profiling G4 topology in a reliable, inexpensive and user-friendly manner.

Keywords   G-quadruplex, bright-field imaging, particles, aggregation, topology discrimination

1     Introduction

G-quadruplexes (G4s) are a class of ubiquitous non-canonical 
nucleic acid structures prevalent in human cells. To date, more 
than 1 million potential G4 sequences have been mapped in both 
the genome and transcriptome [1-3]. This prevalence is 
illustrated, for instance, by the fact that DNA G4-forming 
sequences cover ca. 1% of the genome [4], and more than 60% 
of the transcripts contain at least one RNA G4 motif [3]. Owing 
to their fast-folding kinetics and high stability under 
physiological conditions [5], the roles that G4s may play in key 
cellular functions are currently scrutinized. Beyond the control 
of gene expression and of telomere homeostasis, new roles are 
uncovered on a regular basis, pertaining to viral infection, aging 
and age-related diseases for instance. One difficulty in these 
investigations is that G4s may be transiently folded only [6] and 
the conditions that control this topological switch, regulated by 
both the local biological conditions [7] and proteins known to 
promote their folding/unfolding [8-10], remain to be fully 
understood.

From a structural point of view, the formation of G4s results 
from the self-assembly of Gs to form planar, cyclic arrays of four 
Gs known as G-quartets, which then self-stack (when Gs are 
consecutive in the G-rich strand) to form the core of a G4 
structure [11]. The combination of different structural 
characteristics—including the nature and length of the loops, 
their arrangements, the glycosidic angles of the nucleosides, the 
relative strand orientation, etc.—gives rise to a variety of G4 
topologies, as it has been recently shown that a given G4-prone 
sequence can adopt up to 26 different topologies [12]. Quite 
conveniently, these different topologies are often classified into 
three categories, i.e., parallel, antiparallel, and hybrid [11,13]. In 
addition, the same sequence (e.g., the human telomeric G4) can 
fold into parallel, hybrid or antiparallel structure (or a mixture of 
them) as a function of the experimental conditions (i.e., ionic 
strength, molecular crowding, etc.) [14], which makes it even 
more difficult to control and/or predict G4 topology [15]. 
Furthermore, site-specific epigenetic modifications on G4-

forming sequences (e.g., DNA methylation) may potentially 
affect G4 stacking, thereby interfering recognition by 
intracellular proteins [16,17]. Therefore, rapid and accurate 
methods for identifying and distinguishing G4 structures are 
required to understand their functions, yet such methods remain 
limited.

To discriminate between different G4 topologies, biophysical 
techniques such as circular dichroism (CD) [18] and thermal 
difference spectra (TDS) [19], are routinely used, since they are 
rather simple to implement and reliable. A novel absorbance 
method was also recently introduced [20]. These spectroscopic 
methods can be completed by more accurate but low-throughput 
techniques such as nuclear magnetic resonance (NMR) [21] and 
X-ray crystallography [22]. It would be interesting to combine 
the practical convenience of the former three with the accuracy 
of the latter two: several attempts have been made on the basis 
of, for instance, nanostructures such as metal-organic 
frameworks (MOFs) [23] and gold nanoparticles (AuNPs) [24], 
or of fluorescent G4 probe to discriminate between different G4 
folds [25,26]. Although interesting, these methods generally 
failed to characterize G4 topologies in a simple, reliable and 
high-throughput manner. 

In this work, we report on a novel method based on optical 
microscopy which leverages the quite unique topology-
dependent aggregation of colistin (COL; Figure 1a). We recently 
demonstrated that COL can selectively interact with G4s and 
trigger their aggregation without inducing a conformational 
transition [27]; herein, we aim at further exploiting this property 
to characterize G4 topologies, showing that COL can be 
conveniently used to determine G4 topologies through the way 
the resulting G4/COL complexes aggregate. As further detailed 
hereafter, this approach allows for a fast, low-cost, and robust 
identification of the topological nature of the G4 folds. This work 
provides a constructive method for distinguishing G4 structures 
and studying the interactions between G4s and other substances.

2     Experimental
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2.1  Materials and reagents

PAGE or HPLC purified DNA oligonucleotides were obtained 
from Sangon Co., Ltd. (Shanghai, China). Colistin sulfate salt 
(COL), dimethyl sulfoxide (DMSO), N,N-cacodylic acid (Caco), 
lithium hydroxide (LiOH), potassium chloride (KCl), thioflavin 
T (ThT), sodium chloride (NaCl), PEG-200, ammonium 
persulfate (APS) and N,N,N',N'-tetramethylethylenediamine 
(TEMED) were purchased from Sigma-Aldrich (MO, USA). All 
other chemical reagents were obtained from Aladdin (Shanghai, 
China). All chemical reagents were of analytical grade and used 
without further purification.

2.2  Preparation of oligonucleotides

DNA concentrations were determined by ultraviolet (UV) 
spectrometry and the extinction coefficients were obtained by 
IDT’s OligoAnalyzer 3.1. The stock solutions of DNAs were 
prepared in 10 mM Caco-LiOH buffer (pH 7) with 100 mM KCl. 
To ensure the formation of stable DNA structures, the DNAs 
were denatured to 95 °C for 5 min, slowly cooled to room 
temperature and kept for 2 h, and then stored at 4 °C for 
subsequent experiments.

In the mixture of COL and DNA, each lysine residue of COL 
contributes one positive charge, and each DNA phosphate group 
contributes one negative charge. Hence, the concentrations of 
negative and positive charges in the mixture are defined as [28]:

[e-] = [DNA phosphate] = (n-1) × [DNA]
[e+] = [COL amine] = 5 × [COL]
where “n” is the number of nucleotides, “[DNA]” and “[COL]” 

denote the concentrations of DNA and COL in the mixture, 
respectively.

2.3  UV-vis absorption and circular dichroism (CD)

G4 samples were prepared in 10 mM Caco-LiOH buffer (pH 7) 
containing 100 mM KCl. The CD spectra were collected from 
220 to 320 nm (Applied photophysics, UK), and UV-vis spectra 
were recorded from 220 to 800 nm (Agilent technologies, USA). 
The change in absorbance at 500 nm (turbidity) of the respective 
nucleic acid structures was used as an indicator to evaluate the 
degree of DNA and COL aggregation.

2.4  Confocal laser scanning microscope (CLSM) and 
wide-field imaging

For specificity experiments, FAM-labeled G4 samples were 
mixed with COL and incubated for 10 min at room temperature. 
Subsequently, the mixtures were transferred to hydrophobically 
treated confocal dishes for imaging. The images were acquired 
in 100× oil-immersion objective in CLSM and Eclipse Ti2 
microscope. The percentage of area coverage (Area %) of the 
observed structures were quantified according to Equation (1): 

𝐴𝑟𝑒𝑎% =
𝐴𝑟𝑒𝑎𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝐴𝑟𝑒𝑎𝑣𝑖𝑒𝑤
× 100%                                (Equation 1)

2.5  Dye staining experiments

To prepare aggregates, G4 (N-myc) was incubated with COL at 
a charge ratio ([e⁺]/[e⁻]) of 2:1 and a final COL concentration of 
20 μM. The mixture was incubated on a hydrophobically treated 
confocal dish for 10 min at room temperature. Subsequently, the 

aggregates were stained with either SYBR Gold or ThT [29] and 
then imaged using an optical microscope.

2.6  Gel electrophoresis analysis

The concentrations of G4 and DNA ladder (T15, T20, and T25) 
were 1 μM and 5 μM, respectively. The experiments were 
conducted in 20% native PAGE with 1× Tris-borate-EDTA 
(TBE) buffer supplemented with 10 mM KCl (to maintain G4 
structure). Electrophoresis was run at 150 V for 1.5 h, and 
followed by staining with SYBR Gold. The PAGE gel was 
imaged with Gel Doc XR+ imaging system (Bio-Rad, USA).

2.7  Figure preparation and processing

All the plots were generated using Origin and MATLAB 
software, and the shape descriptors and Area% of particle were 
calculated by Image J software. The schematic representation 
was made by BioRender.com. All particle characteristics, 
including size, area, number, major axis, and minor axis, were 
quantified using Image J software. For non-monodisperse 
particle aggregates, images were processed using the “Find 
Maxima” module. Furthermore, the “Trainable Weka 
Segmentation” plugin was employed to train a model for rapid 
image classification. The longest shortest path features were 
obtained using the “Skeletonization” module.

3    Results and discussion

3.1  Validation and characterization of G4 topology-
dependent particles

In previous studies, we discovered that COL can induce G4 
aggregation with a preference for parallel over hybrid and 
antiparallel G4s (Figure 1a,b). Herein, we further investigate the 
way COL interacts with and precipitates G4s: firstly, turbidity 
experiments seen in Figures 1c and S1 confirmed that COL-
mediated G4 aggregation, monitored via measurement of 
absorbance at 500 nm, is highly efficient with two parallel G4s 
2M4P [30] and 2A5P [31] while weaker with antiparallel G4s 
(2HY9 [32] and 2LOD [33]) and far weaker with hybrid G4s 
(2KM3 [34] and 7OQT [35]) (Sequences information shown in 
Figure 1e). To further investigate these interactions, we imaged 
the particles formed by COL and three different FAM-modified 
G4s, one of each topology (parallel (PG4), hybrid (HG4) and 
antiparallel (AG4)) (Figures 1d, S2): interestingly, more particles 
were formed with PG4s (55) than HG4s (41) and AG4s (11), 
which is consistent with turbidity studies. Such interesting 
phenomenon might result from COL binds to the grooves of G4 
via electrostatic interactions.

Notably, parallel G4 structures exhibit significantly higher 
affinity for COL than other topologies [27], which may be 
attributed to their snuggly grooves and more exposed terminal G-
quartets facilitating π-π stacking than other topologies. More 
importantly, COL may function as a “molecular glue” by 
simultaneously binding to the grooves of two parallel G4s, 
driving their spontaneous aggregation into particles (Figure S3). 
The effect of incubation time on particle morphology indicating 
that the particle morphology reached a stable state after 10 min, 
without significant changes observed even after 1 hour (Figure 
S4), which is beneficial to high-throughput analysis. 
Furthermore, specificity assay revealed that COL exhibits no 
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Figure 1 (Color online) Identifying G4 topologies by microscopy. (a) Chemical structure of colistin (COL). (b) Scheme illustration of G4 topology-
dependent particles. (c) Turbidity (UV-vis absorbance at 500 nm) of three typical G4 structures, parallel (PG4), hybrid (HG4) and antiparallel 
(AG4), in the presence of COL. (d) Confocal images of particles made of PG4 (formed by N-myc), HG4 (formed by HTG) and AG4 (formed by 
C9orf72), and COL (the raw data are presented in Figure S2); the G4 sequences are labelled with FAM at the 5' end, scale bar is 5 μm. (e) DNA 
sequence used in panels c, d, and f. (f) Particle size and Area% (percentage of the total image area) using G4s with different topologies; the raw data 
are displayed in Figures S6-S8.

similar aggregation behavior with double-stranded DNA 
(dsDNA), single-stranded DNA (ssDNA), or i-motif under the 
same conditions (Figure S5).

Next, we investigated the effect of COL concentration on 
aggregation by adjusting the charge of COL/DNA mixtures, with 
a COL concentration varying between 5 and 20 μM, 
corresponding to a positive-to-negative charge ratio between 
0.25 and 2 (DNA concentration ranged from 0.6 to 27.5 μM). 
The aggregation triggered by PG4s can be observed in the matrix 
seen in Figure 1f, with a particle size up to 1.3 μm and a coverage 
density (Area%) up to 6.1%. In sharp contrast, HG4s and AG4s 
lead to only four and two points in the matrix, respectively, of 
smaller sizes (<750 nm) and coverage density (Figure 1f). We 
also observed that PG4s form particles more easily and of sphere-
like shapes, while other topologies G4 are rod-like shaped 
(Figures S6-S9). Even more interesting is the observation that the 
size and shape differences can be observed by bright-field 
microscopy (Figure S10), implying that the different G4 
topologies can be discriminated using unmodified G4s. 
Alternatively, the merged images demonstrate that unmodified 
G4-associated particles can also be stained by SYBR Gold and 
Thioflavin T (Figure S10), which again show that the particle-
based G4 topology discrimination can be realized without 
covalent labels. 

To further exploit this, three G4s were chosen, 2M27, 2JSL 
and 148D (sequences information are shown in Table S1). Their 
CD spectra confirm their parallel (2M27), hybrid (2JSL), and 
antiparallel folds (148D) (Figure 2a). The wide-field images seen 
in Figure 2b showed COL-induced particles of different shape, 
number and distribution (Figure S11), as a function of their 
topology (with the PG4 leading to numerous and larger spherical 

particles). We then repeated these experiments with 12 different 
G4s, listed in Table S1, and found that the number and coverage 
density of obtained particles could be reliably exploited to 
discriminate between different G4 topologies (Figures 2c, S11, 
and S12). For instance, the number of particles generated by PG4 
2LBY was ca. 100-fold higher than that of the AG4 2KF8 
(Figure S11). Moreover, this method was also found efficient 
with mixtures of G4s, for instance, when the HG4 2JSL was 
mixed with the PG4 1XAV at various ratios (Figure S13): this 
could be quantified (Figure 2d) and it was found that when the 
ratio of PG4 versus HG4 changed from 100 to 0%, the Area% 
dropped from 10.3 to 1.1%.

3.2  Classification of different parallel G4s using bright-
field imaging

To further monitor the ability of this method to interrogate G4 
polymorphism, we used it with eight PG4s (Figure 3a, Table S1), 
including isolated (i.e., monomeric) G4s, self-stacked (i.e., 
multimeric) G4s and G4 with nucleobase(s) atop the accessible, 
external G-quartet (i.e., capped G4s). Multimeric and capped 
PG4s are usually not discriminated using conventional methods 
such as CD or gel electrophoresis (Figure 3b). As shown in 
Figures 3c,d and S14, these PG4s formed with COL aggregates 
of different shapes (sphere- versus string-like particles, which 
were then categorized parallel 1 and parallel 2, respectively). We 
then quantified the different features of these aggregates, 
including the average area, length of the major axis, the number 
of particles, and our results show the remarkable difference 
between parallel 1 and parallel 2, the former being monomeric 
G4s (1XAV, 2LBY, 2M27 and m9T5), while the latter being 
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Figure 2 (Color online) Discrimination of G4 topologies: characterization of three G4 topologies using (a) CD spectra and (b) optical microscopy. 
Three typical G4 structures, parallel G4 (2M27), hybrid (2JSL), and antiparallel (148D) are shown here for comparison. (c) Area (μm2) covered by 
different G4s via optical microscopy (The confidence interval is 95%); the processed and raw data are shown in Figures S11 and S12, respectively. 
(d) Plot of Area% for different ratios of parallel G4 (1XAV) to hybrid G4 (2JSL); the raw data are displayed in Figure S13. Note: e+/e- = 2, [COL] 
= 20 μM; scale bar = 5 μm. All the sequences are listed in Table S1.

multimeric ones (2A5P, 2LD8, 2KYP and T30177) (Figures 3e 
and S15). Gel electrophoresis was performed to confirm their 
monomeric/multimeric status (Figure S16).

To further demonstrate that the difference in particle size and 
shape between parallel 1 and parallel 2 originates in their ability 
to multimerize upon interaction with COL, we used the model 
PG4 G3T and tuned its multimerization by extending its terminal 
3' or 5' length, or both (sequences information displayed in Table 
S2) [36]. As shown in Figure S17, the presence of one dT tuned 
the particle shape from string to sphere, which has strong 
consequences in terms of G4 multimerization, as demonstrated 
by gel electrophoresis (Figure S18). Spherical particles were 
obtained with G4s displaying additional Ts on both 5' and 3' ends; 
however, the influence of the 3' dT on aggregation is higher than 
that of 5' dT, in agreement with previous results showing that 
multimerization occurs preferentially on the 3' face [36]. We 
further studied 2A5P [31] and a ‘mutated’ sequence (2A5P-5'mut) 
in which multimerization was hindered by disrupting a base pair 
near the terminal G-quartet: as shown in Figure S19, when the 
base pair is hindered in the 5' end of the G4, the shape of the 
COL-induced particles changed from string to sphere, suggesting 
that our method can detect an additional base pairs in PG4s. As 
shown in Figure 3f, our method can thus discriminate both 

multimeric nature of PG4s and the presence of an additional base 
pairs in PG4s. However, 2LD8 appears as a monomeric G4 
without any capping base pair, and we assume the overhang of 
G4 hinder the accessibility of π-π stacking under crowding 
conditions.

3.3  Monitoring of G4 topology conversion

G4 topologies are known to be regulated by crowding 
environments and flanking sequences [37,38]. The human 
telomeric repeat (TTAGGG)n usually serves as a canonical 
model: for example, its hybrid conformation (2JSM) undergoes 
a structural transition to a parallel topology (2LD8) under 
crowding conditions with 40% PEG [39]. To determine whether 
our method could detect these changes, CD and bright-field 
imaging experiments were performed: the former confirmed this 
transition (Figure 4a) and the latter showed that both the number 
and shape of the COL-induced particles formed by 2JSM are 
different in the absence (low number and irregular shape) and 
presence of PEG, which led to numerous, string-like particles 
(Figure 4b). Interestingly, the transition of particle morphology 
under different concentrations of PEG also can be observed 
(Figure S20). The microscopy images thus confirmed that this 
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For Review OnlyFigure 3 (Color online) Parallel G4 discrimination: (a) COL can aggregate parallel G4 into different shapes for different situation (end capping or 
multimerization). (b) CD spectra of various parallel G4s. (c,d) Bright field of particles made of (c) parallel 1 and (d) parallel 2 G4s. (e) Longest 
shortest path (μm) of particles made of different G4s (The confidence interval is 95%); raw and processed data are shown in Figures 3c, d, S14 and 
S15, respectively. (f) Plot of average area (μm2) and longest shortest path (μm) of different particles made of parallel G4s; raw data are in Figures 
3c, d, S14 and S17. Note: e+/e- = 2, [COL] = 20 μM; scale bar = 5 μm.

Figure 4 (Color online) Detection of G4 topology transitions using G4-
based particles.  (a) CD spectra and (b) imaging of G4 topology change 
induced by molecular crowding. (c) CD spectra and (d) imaging of G4 
topology change induced by changing the length of a terminal end. Note: 
e+/e- = 2, [COL] = 20 μM; scale bar = 5 μm.

method is—like CD spectroscopy—responsive to external 
stimuli-induced topology changes. 

We next showed that it is also sensitive to internal stimuli-
induced changes, demonstrating that the nature of the flanks can 
tune the G4 topologies [38]: as seen in Figure 4c, the addition of 
a T base to the end of the 5J05 sequence changes the topology of 
its G4 from antiparallel to parallel, and this was reflected by the 
COL-induced aggregation, as almost no particles were formed 
with 5J05, in line with their AG4 topology, while those formed 
with dT-5J05 were spherical, in line with their PG4 nature 
(Figure 4d).

3.4  Identification of DNA methylation

Finally, we investigated whether our method could be sensitive 
to DNA methylation, a common epigenetic modification [40] 
with high frequency at CpG sites [41]. It has been reported that  
methylation modification affects G4 stacking [42] without 
affecting the overall G4 topology (notably PG4) [43]. This was 
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Figure 5 (Color online) G4-based particles reveal the methylation status of a terminal G4 cytosine. (a) ‘C’ and ‘mC’ G4s adopt the same parallel 
topology, which cannot be distinguished by (b) CD spectra but can be readily discriminated by (c) optical microscopy (OM). Note: the concentration 
of G4 in the CD experiment is 5 μM, while in the optical microscopy (OM) experiments, e+/e- = 2, [COL] = 20 μM, and scale bar = 5 μm.

investigated here by CD spectroscopy (Figure 5a, b) but this 
technique turned out not to be sensitive enough (no significant 
changes in spectra); in contrast, changing a C to a 
methylcytosine (mC) led to a change in the shape of COL-
induced particles, from spheres to clusters, regardless of 
whether the mC was located at the 5' or 3' end of the G4 (Figure 
5c). The results indicate that the capping base nature strongly 
influences tetrad accessibility and thus, G4 multimerization. 
This demonstrates the versatility of our bright-field imaging 
method, which allows for the precise discrimination of various 
G4 topologies and is responsive to epigenetic modifications.

4     Conclusions

In summary, G4 topology can be characterized by many 
techniques, and each of them has its own advantages and 
disadvantages (Table S3). Herein, we report on a novel technique 
based on bright-field microscopy, used for the first time to this 
end, and show that it enables discrimination of G4 topologies 
based on the number and shape of various COL-induced particles 
in a very simple and reliable manner. The sensitivity of this 
method is very high as it can both distinguish different G4 
topologies (PG4, HG4 and AG4) and detect subtle structural 
variations within the same topological family. Interestingly, the 
necessary nucleic acid amount is very low and the equipment 
used is widely available in most laboratories, being the simplest 
microscope possible. In addition, this method is also applicable 
to RNA G4 recognition, as demonstrated in our previous work 
[27]. Nevertheless, due to the relatively uniform topology of 
RNA G4s, we focus mainly on presenting data regarding DNA 
conformation discrimination. This method is thus fast, 
inexpensive, reliable and user-friendly, and does not require any 
DNA/RNA labeling; we thus believe that it is ideally positioned 
to quickly overtake traditional methods and make the 
identification of G4 topology readily accessible to all.
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