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Abstract

G-quadruplex (G4) is a kind of peculiar nucleic acid secondary structure formed by DNA or
RNA, which is considered as a fundamental feature of the genome. Many proteins can
specifically bind to G4 structures. There is increasing evidence that G4-protein interactions
involve in the regulation of important cellular processes such as DNA replication,
transcription, RNA splicing and translation. Besides, G4-protein interactions have been
proved to be potential targets for disease treatment. In order to unravel the detailed
bioregulatory mechanisms of G4-binding proteins (G4BPs), biochemical methods for
detecting G4-protein interactions with high specificity and sensitivity are highly demanded.
Here, we review recent advances in the screening and validation of new G4BPs and

bioregulatory tools of G4BPs.
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The importance of G-quadruplex-protein interactions

G-quadruplex (G4) is a peculiar nucleic acid secondary structure formed by stacks of G-
tetrads (see Glossary). As numerous G4 structures are present in the genome and
transcriptome of living cells, the biological functions of G4s have attracted extensive
attention in the past decade[1-7]. It has been increasingly clear that G4s play an important
role in telomere maintenance[8, 9], DNA replication[10], chromatin remodeling[11, 12],
transcription[13], RNA splicing[14], and translation[15-17]. G4s participate in biological
processes through two major mechanisms. One is as a module for recruitment of functional
G4-binding proteins (G4BPs), such as transcription factors. The other is to hinder the
extension of the DNA polymerase, RNA polymerase and ribosome on the nucleic acid strand.
So far, about one hundred functional proteins have been confirmed to interact with G4 (Box
1). These G4BPs are closely related to diseases such as tumors, ageing and viral infections,
and are considered to be promising therapeutic targets[18-20] (Box 2). However, there are
many questions about G4BPs remain unclear. For instance, there is little understanding on
how G4-binding transcription factors specifically recognize promoters instead of binding to
all G4-containing promoter regions. Moreover, the mechanism by which G4-unfolding

proteins and G4-recruited proteins coordinate with each other is still unclear.

To unravel the detailed mechanism of G4BP-regulated biological processes, the detection
of G4-protein interactions with high specificity and sensitivity is a prerequisite. In the past
decade, many biochemical tools for G4-protein interactions have been established. These
methods greatly facilitated the screening, identification and structural analysis of G4-protein
interactions, as well as the regulation of G4BP-mediatied bioprocesses. In this review, we
summarize the recent development on how to screen and validate new G4BPs. Then, we
discuss the bio-regulation tools of G4BPs. Finally, we propose improvements that are still
needed in the future development of G4-protein interaction biochemical methods.

Methods for the discovery of new G4BP

How many proteins have interactions with G4s, is still unclear. Discovering new G4BP can
greatly help to understand the underlying regulatory mechanisms related to intracellular G4s.

The screening of G4BP relies on the development of recognizing and labeling technologies
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for specifically targeting G4-binding proteins, as well as high-throughput proteomic

technologies.
Affinity enrichment methods

The affinity enrichment method can be utilized to enrich for G4BPs in cell lysates and identify
G4BPs accompanied with Western-blotting. In this method, G4-forming DNA or RNA strands
are conjugated to magnetic beads or agarose gels to form a G4-affinity enrichment probe.
Then the probe is incubated with the cell lysate to capture and extract G4BPs. Taking
advantages of proteomic mass spectrometry, the enriched proteins can be identified and

analyzed (Table 1).

In this assay, it is important to exclude the proteins that only have non-specific binding
capacity to single-stranded nucleic acids but have no specific binding capacity to G4
structures. To achieve this goal, the common strategy is to use nucleic acid strands that do
not form G4 structures as controls, such as magnetic beads or agarose gels conjugated with
Gs-As mutant G4 sequences and nucleic acid hairpins, as well as bare magnetic beads or
agarose gels[21-25] (Figure 1A). After LC-MS/MS analysis and label-free quantitative
analysis, a G4-specific binding protein is identified when the difference in protein signal
between the G4 group and the control group is more than 2-fold and the p-value is less than
0.05. Sometimes more stringent filtering conditions are also used to improve the confidence
level. Based on this strategy, earlier work could only identify 10-20 potential G4-binding
proteins with high confidence[21, 22, 24], possibly limited by the performance of the mass
spectrometer. Recently, Herdy et al. used this strategy to identify G4BPs targeting NRAS
MRNA 5-UTR G4, and found 80 high-confidence G4BPs, including five newly identified
G4BPs, DDX3X, DDX5, DDX17, GRSF1 and NSUN5([25]. A complex but accurate approach
to exclude non-specific nucleic acid binding proteins was previously taken by Gonza’lez et
al[26] (Figure 1B). They first applied the extracted protein mixture to the G4-MUT affinity
column that contains a mutation that destabilizes the c-MYC G4 structure. The G4-MUT
flow-through protein mixture was applied to the G4 affinity column. In this way, proteins
that bound to G4 but not to G4-MUT were identified. Although they identified only 10 high-
confidence proteins, most of these proteins were verified to be indeed G4-binding proteins.
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In addition, Wang’s group used a forward stable isotope labeling by amino acid in cell culture
(SILAC)-based quantitative proteomic method in order to quantitatively compare the protein
signal difference between the G4 group and the control group[27-29] (Figure 1C). The HelLa
cells were cultured separately in light or heavy medium, and equal amounts of nuclear
extracts from the light- and heavy-labeled cells were applied to the G4 affinity column and
the corresponding G4-MUT affinity column, respectively. Taking advantages of the SILAC-
based method, they identified a new G4BP, SLIRP[27]. This method enables accurate
guantification, but is complex, costly, time-consuming, and requires sophisticated
bioinformatic analysis as compared to label-free quantitative strategy.

The affinity enrichment method coupled with protein mass spectrometry for the discovery of
new G4BPs offers great advantages. On the one hand, the affinity enrichment method can
efficiently isolate and enrich G4-binding proteins from cell lysates with complex composition.
On the other hand, due to the modification of unique G4 sequences on magnetic beads or
agarose gels, this method allows the identification of G4BPs that bind to a specific G4
sequence and the analysis of the preference of G4BPs to bind to different G4 sequences.
For example, the binding preference of several G4BPs to BCL2, NRAS, MMP16 and ARPC2
MRNA G4s have been well evaluated[28]. However, the affinity enrichment method also has
many shortcomings. First, the interaction state of proteins to synthesized nucleic acids in
cell lysates is not exactly the same as it in living cells. In living cells, the binding site of the
protein or the G4 structure may be occupied by other biomolecules. The in vitro affinity
enrichment method can only isolate and enrich G4BPs in cell lysates, but cannot reflect the
interactions between G4BP and G4 structures in living cells under physiological environment.
Therefore, protein-G4 interactions discovered using affinity enrichment methods may
mislead the study of intracellular biological processes. Second, a large amount of nucleases
present in the lysate of some cells can degrade the G4 probe to some extent, and thus
interfere with affinity enrichment. In particular, in the affinity enrichment analysis of RNA
G4BP, the interference of RNases could not be completely eliminated even after the addition
of RNase inhibitors. Finally, low-abundance G4BP is difficult to be effectively identified by

affinity enrichment methods. Low-abundance proteins have lower enrichment efficiency and
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have poorer signal quality in MS analysis due to interference from high-abundance protein

signals, thus are filtered out in the data quality control step.

In situ intracellular labeling methods

In order to characterize the interactome between G4BPs to G4 structures in the
physiological state, a G4 ligand-mediated photo-crosslinking protein assay has been
developed to identify and label G4BPs in living cells (Figure 1D). This assay utilizes a cell-
permeable photo-crosslinked G4 probe. The probe consists of three functional parts: the G4
ligand for targeting and recognition of G4 structures, a photoreactive alphatic diazirine group
for labeling the target interacting proteins, and the alkyne group for conjugating azide-biotin
with protein-probe complex through click reaction. After incubating in the cell culture medium
for several hours, the photo-crosslinked G4 probe can bind to the G4 structures in living
cells. The probe is then cross-linked to the target proteins by 365 nm light irradiation to form
a protein-probe complex, and the biotin tag is conjugated to the protein-probe complex by a
click reaction catalyzed by monovalent copper ions. The protein-probe complex was
enriched and purified by streptavidin magnetic beads and finally identified by label-free mass
spectrometry. Potential G4BPs can be identified by comparing the results of the
experimental group with those of the control group (using a photo-crosslinked probe without
G4 ligand). Taking advantages of this method, Zhang et al. identified more than 200 high-
confidence proteins, and validated four new G4BPs from them[30]. In the same year, Su et
al. used a similar approach to study G4BP in SV589 and MM231 cell lines and validated 8
new G4BPs[31].

G4 ligand-mediated photo-crosslinking protein assay can well reflect the interaction between
G4BP and G4 structures in the intracellular microenvironment. Therefore, this method can
provide more accurate information on the G4-protein interactome for studying the detailed
mechanisms of G4-mediated biological processes. In addition, this method is simple, time
effective, and efficient in labeling both high-abundance and low-abundance proteins, as
compared to the affinity enrichment method. However, this method still has some
disadvantages. The G4 ligand-based photo-crosslinking probe can bind to all G4 motifs in

living cells, including DNA G4s and RNA G4s, and in theory labels all G4BPs at the same
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time. Because there are hundreds of thousands of DNA G4s and tens of thousands of RNA
G4s in human cells, this method cannot reveal which G4BPs are performing biological
functions at the unique G4 structure in a specific gene, which are very important for
uncovering the regulation mechanism of G4-mediated biological processes. Moreover, it is
controversial whether G4 ligands compete with G4BPs in binding G4 structures. It has been
reported that G4 ligands and G4BPs can bind to G4 structures simultaneously[32], but at
high concentration G4 ligands can interfere with the binding of G4BP to the G4 structure[33],
serving as a G4BP inhibitor. Also, G4 ligands can induce unfolded G4 sequences to form

G4 structures[34], thus altering the original state of intracellular G4-protein interactions.

Computational prediction methods

In recent years, deep learning methods for predicting protein structures have developed very
rapidly[35], and are expected to be used to discover the G4 structure binding ability of known
proteins. Pioneering work has analyzed the common features of G4BP using bioinformatics
methods and identified RG-rich regions as the key structural domains of G4BP[36]. Because
there are few reports on the structural data of G4BPs, the bioinformatical prediction can only
be carried out through amino acid motif analysis, which restricts the accuracy of the
prediction results. As more and more three-dimensional structures of G4BP in the state of
interaction with G4 structures are resolved, a breakthrough will be made in the discovery of
new G4BPs by deep learning prediction methods.

Future perspective of G4BP screening

To address the shortcomings of current methods for G4BP recognition and proteomic
analysis, there is still a need to develop new biochemical methods for high-throughput
detection of G4BP. Importantly, it is necessary to develop high-sensitive biochemical
methods for labeling G4BPs that bind to a unique G4 motif in living cells, providing the
possibility to study the function and mechanism of a G4 structure of a specific gene. Yang’s
group developed a quinoline derivative PEQ that selectively recognize MYC promoter

G4[37]. PEQ has a free amino group that can be functionalized with a diazirine group, thus
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has the potential to be applied to G4 ligand-mediated photo-crosslinking methods for probing
G4BP in the MYC promoter region.

Methods for the characterization of G4ABP

G4BP affinity enrichment and in situ labeling methods combined with proteomic analysis
methods provide a powerful tool for the discovery of new potential G4ABPs. However, the
identified proteins have the potential to be false positives. And, since intracellular proteins
often form protein complexes, it is possible that these identified proteins only form
complexes with other G4BPs and do not directly interact with G4 structures. So far, all high-
throughput screening efforts for G4ABPs have identified a total of more than 500 potential
G4BPs, of which only about 20% have been reported to have the ability to bind G4 structures,
and the rest of the proteins still need further validation. Therefore, a series of biochemical
methods have been developed for G4-protein interactions in order to validate whether the
potential G4BPs do interact specifically with G4 structures[38], as well as to analyze the

binding constants and characterize the structural basis of the interactions (Table 2).

In vitro characterization of G4-protein interactions

The traditional methods for characterizing G4-protein interactions are electrophoretic
mobility shift assay (EMSA) and dimethyl sulfate (DMS) footprinting assay[26, 39]. The
validation of G4-unfolding proteins is detected by the alteration of the folding state of the G4
structure, which can be achieved by the fluorescence resonance energy transfer (FRET)
method[40]. In this method, two fluorophores are conjugated at each end of the G4 nucleic
acid strand, and the dynamic process in which the G4-unfolding protein disrupts the G4
structure can be revealed by analyzing the intensity of the FRET signal. The above methods
can provide useful information about the binding ability of G4BP, but are severely limited by
the availability of high-purity proteins. Therefore, methods that do not rely on in vitro
expression of proteins are much needed. The affinity enrichment methods used for
screening G4BPs can also be used for in vitro characterization of G4-protein interactions[30].
The interaction of the target protein with G4 can be confirmed by detecting the presence of
the target protein in the protein mixture after G4 affinity enrichment based on the Western-
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blotting method. This method is relatively simple, while it relies on expensive antibodies and
the specificity of the antibodies is sometimes difficult to guarantee. It is worth noting that
during the affinity enrichment of cell lysates, it is possible to capture proteins that bind to the

G4-forming nucleic acid through indirect interactions, which cannot be considered as G4BPs.

In contrast to the above methods, single-molecule analysis methods can characterize the
kinetics of G4-protein interactions. For this purpose, single-molecule force spectroscopy and
zero-mode waveguide (ZMW) methods have been used for the study of G4-protein
interactions. Single-molecule force spectroscopy, such as optical tweezers, magnetic
tweezers, is to measure the relationship between the stretch distance and mechanical
tension of individual biomolecules in real time. By measuring the change in mechanical
tension of G4 structures before and after G4BP binding, the effect of G4BP binding on G4
structures, such as stabilizing or unfolding of G4 structures, can be studied at the single-
molecule level[41-43]. ZMW method uses microchambers with an attoliter volume to capture
biomolecules, thus ensuring that only one biomolecule is analyzed at a time. For instance,
Patra et al. combined pulsed-interleaved dual-color fluorescence cross-correlation
spectroscopy with the ZMW technique to study the process of binding and dissociation of
the RGG motif from the G4 structure[44].

The determination of the affinity constant of G4BP to the G4 structure is another important
objective, which can be achieved by enzyme-linked immunosorbent assay (ELISA) [32],
surface plasma resonance (SPR) [45], micro-scale thermophoresis (MST) and other
methods. The most commonly used method to detect the G4-protein binding constant is
ELISA. For instance, Zhang et al. used the ELISA method to verify that several proteins
identified by high-throughput screening methods do have specific G4-binding capacity[30].
MST quantifies the binding constants of biomolecular interactions by detecting the
directional movement of biomolecules in a micro-scale temperature gradient. Kazemier et
al. used the MST method to measure the interaction between the G4 antibody 1H6 and a
series of nucleic acid molecules and found a strong interaction between the protein and the

thymidine-rich single stranded DNA, implying a severe non-specificity of this antibody[46].
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In addition, high-resolution nuclear magnetic resonance (NMR) and X-ray techniques can
characterize detailed structural information of G4-protein interactions and help to explore
the structural basis of G4BP-mediated biological processes. Three-dimensional structures
of G4-protein complexes provided by NMR and X-ray are very essential to molecular
modeling and rational targeting. These methods have been discussed in detail[47]. For
example, Chen et al. used a solid-state NMR method to resolve the structural features of
the DHX36 protein during binding and unfolding parallel G4 structures[48]. This study found
that binding of DHX36 to the G4 structure leads to rearrangement of the helicase cover while
pulling on the single-stranded DNA tail, ultimately driving G4 unfolding one residue at a time.

Intracellular characterization of G4-protein interactions

The above biophysical and biochemical methods are limited to in vitro studies, however, due
to the distinct cellular context and dynamic G4 folding, the interactions detected in in vitro
analysis may not actually occur in living cells. Therefore, in situ intracellular analysis that
can reveal the state of G4-protein interactions in the cellular microenvironment is demanding.

Until now, methods for in situ analysis of G4-protein interactions in cells are relatively few.

Our group developed a module assembled multifunctional probes assay (MAMPA) for
single-cell imaging of the RNA G4 located in an individual gene, and found that the
occupancy of the RNA G4 by G4BPs in an individual gene can be detected by the MAMPA
method, combining with the conventional rolling circle amplification (RCA) RNA imaging
method[49]. In this method, two probes recognize the G4 motif and the adjacent specific
RNA sequence separately, and then trigger RCA by click chemistry. Since the cells were
fixed with 4% paraformaldehyde before MAMPA imaging, the G4 structures bound by
G4BPs in the cells could not be recognized by the probes, and thus the corresponding
fluorescent spots could not be obtained. Meanwhile, the intracellular abundance of the RNA
containing the target G4 structure can be detected by the RCA method targeting other
regions of the RNA molecule, and is not affected by the binding of G4BPs. Therefore, the
occupation of G4BP at the RNA G4 motif of a specific gene can be derived from the number

of MAMPA spots and the number of RCA spots. However, this method can only provide the
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proportion of the RNA G4 structure occupied by G4BPs, but cannot identify which G4BP
binds to that G4 maotif.

Future perspective of G4BP characterization

Many in vitro methods for G4-protein interaction have been developed based on some
traditional nucleic acid-protein interaction assay. These techniques are easy to conduct, cost
effective, and can provide meaningful information about G4-protein interactions. However,
it is becoming increasingly clear that the rules of G4-protein interactions are sophisticated,
various and context dependent. Therefore, the field calls for new in vivo methods with high
sensitivity and specificity to investigate the G4-protein interaction dynamics and their

biological regulation in cellular milieu.

There are several key points for the improvement of biochemical methods for intracellular
G4-protein interactions. First, interference of G4 structures or G4-protein interactions by the
probes should be avoided. Currently, commonly used intracellular G4 probes are small
molecule G4 ligands. These G4 ligands can stabilize the G4 structure and induce the folding
of unfolded G-rich sequences to form G4 structures, thus destroying the native G4 pool[34].
And, some of the G4 ligands also interfere with G4-protein interactions[50]. How to address
these problems is a great challenge. Second, it is important to specifically detect the
interaction between an individual protein and a G4 motif in an individual gene. In this way,
the functions and regulatory mechanisms of G4-protein interactions in specific biological
pathways can be revealed, providing the basis for G4BP-based disease diagnosis and
treatment. The key challenge is to design new G4 ligands that specifically recognize
individual G4 motifs. The arrayed deep cavitand hosts offer the possibility to address this
challenge[51]. These water-soluble, self-folding deep cavitands can enable the
discrimination between DNA strands with highly similar G4 structures and can be easily
functionalized with different fluorescent dyes. The CRISPR technology[52], which
recognizes nucleic acid sequences with high specificity, is also expected to be adapted for
the recognition of nucleic acid secondary structures. Third, enabling high-throughput
analysis of G4-protein interactions in living cells is an important demand and challenge for

the field. Similar to DNA-encoded compound library (DEL) technology[53], bio-orthogonal
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labeling of G4BP with nucleic acid tags, combined with high-throughput sequencing, is

expected to achieve high-throughput analysis of the intracellular G4-protein interactome.

Regulation of G4-protein interactions

The molecular tools for regulating G4-protein interaction in living cells can contribute to the
study of the mechanisms of G4-related biological processes, and to the therapeutics
targeting G4BPs. Current approaches to the regulation of G4-protein interactions can be
classified into three main categories, small molecule antagonists, G4 aptamers and targeted
degradation of G4BPs.

Small molecule antagonists of G4BPs

It has been reported that low concentrations of G4 ligands do not interfere with G4-protein
interactions, but form a triple co-binding complex. However, high concentrations of G4
ligands compete with G4BP to bind G4 structures, thus affecting the interaction of G4BP
with G4. In vitro experiments have demonstrated that many G4 ligands, such as
carboxyPDS and QUMA-1, disrupt the interaction of G4BP with G4 structures[50]. In living
cells, G4 ligands can regulate biological processes by interfering with G4-protein
interactions[33] (Figure 2A). For instance, Telomestatin can disrupt the binding of TRF2 to
the telomere in HeLa cells, leading to telomere disfunction[54]. Another G4 binding molecule,
TMPyP4, inhibits the RecQ helicase to unwind DNA G4 structure[55]. Similarly, N-methyl
mesoporphyrin IX (NMM) can form an NMM-G4 complex and subsequently trap the helicase
such as BLM and Sgs1p[55]. In addition, Drygin et al. found that the G4 ligand, CX-3543,
disrupts the formation of nucleolin-rDNA G4 complexes, which inhibits RNA polymerase |-
mediated transcription, leading to apoptosis of cancer cells[56]. Therefore, small molecule
antagonists of G4BP have broad prospects in disease therapeutics, but the detailed
mechanism still needs further study.

G4 aptamers

In addition to G4 ligands, L-RNA aptamers can also regulate G4-protein interactions through

a competitive mechanism (Figure 2B). L-RNA aptamers are a class of RNA aptamers
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consisting of L-nucleotides that are mirror images of natural D-RNAs. Due to their different
chirality from natural nucleic acid molecules, they cannot be recognized by intracellular
nucleases and therefore have better stability and longer half-life in vivo. Therefore, L-RNA
aptamer is considered as a potential nucleic acid drug. Kwok’s group developed the RNA
G-quadruplex-SELEX technique to efficiently screen for L-RNA aptamers that bind to a
specific RNA G4 structure[50, 57]. The identified aptamer Ap3-7 was shown to block the
binding of the G4BP RHAUS53 to TERRA rG4, while the identified aptamer L-Apt.4-1c was
shown to block the binding of the G4BP nucleolin to hTERC rG4, as demonstrated by EMSA
experiments. Further, they found that the stability of L-Apt.4-1c in the physiological state
could be improved without losing the binding ability and specificity after the tail end of L-
Apt.4-1c was ligated into a loop by click reaction[58]. Moreover, Zhao et al. developed an L-
RNA aptamer, L-Apt.8f, that specifically binds to APP 3'-UTR rG4, and verified that this
aptamer can be used for translation regulation of reporter genes in living cells[59].

Targeted Degradation of G4BPs

PROTAC (proteolysis-targeting chimeras) is a technique that uses small molecules to
regulate the degradation of target proteins by the ubiquitin-proteasome system (UPS)[60].
This strategy can also be applied to the regulation of G4-protein interactions. Patil et al.
developed a G4BP degradation method, G4-PROTAC, for the degradation of the G4BP
DHX36[61] (Figure 2C). G4-PROTAC uses a small molecule consisting of two parts, a G4-
forming DNA and an E3 ubiquitin ligase recruiter. The G4-forming DNA is used to recruit
DHX36 protein, while the E3 ubiquitin ligase recruiter, similar to other PROTAC techniques,
is used to recruit E3 and E2 ubiquitin ligases to degrade the target protein. The results
showed that G4-PROTAC can efficiently degrade DHX36 in living cells. The G4-PROTAC
strategy has a great potential in the regulation of G4-protein interactions. The G4 structure
for recruiting G4BPs consists of specific nucleic acid sequences. Since G4BPs have a
preference on the binding of different G4-forming sequences, a finely designed G4-PROTAC
molecule has the potential to specifically regulate the G4-protein interactions on the G4

structure of an individual gene.

Future perspective of G4BP regulation
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Intracellular regulation of G4-protein interactions has been achieved based on competitive
inhibition mechanisms and targeted degradation mechanisms. However, the specificity of
these regulatory tools is still insufficient and further development and optimization are
urgently needed[51]. G4 ligands based on competitive inhibition mechanisms do not have
the ability to discriminate between different G4-forming sequences, while L-RNA aptamer,
although showing a stronger binding preference for certain G4 structures (cycL-Apt.4-1c has
the specificity to target hTELO-rG4), still can bind to other G4 structures. Recently, Liu et al.
used phage display method to screen for bicyclic peptide G4 ligands that specifically bind to
G4 structures[62]. Similar to the recognition of nucleic acids by proteins, the targeted
recognition of G4 by bicyclic peptide ligands is based on multivalent interactions in the
binding cavity. Bicyclic peptide G4 ligands are expected to be able to, modulate G4-protein
interactions on an individual G4 structure of a specific gene, but future works are demanded
to screen the bicyclic peptide. There are also new advances in small molecule G4 ligands
targeting an individual G4 structure. Recently, Yang's group has developed a small molecule
ligand targeting MYC-G4, which provides a molecular basis for G4-protein interaction
regulation in a specific gene region[37]. In addition, regulating G4-protein interactions on a
specific G4 structure in living cells is more easily achieved by G4-PROTEC, but its effect on
the biological pathways remains unclear. In the G4-PROTEC method, if the G4-forming
nucleic acid sequence is used as a bait for recruiting G4BPs, the efficient delivery and long-
time stability of the nucleic acid-E3 ligase ligand complex is a challenge. If a small molecule
ligand is used as a bait, the G4-protein interactions may be affected by the binding of the
ligand to G4s, thus reducing the efficiency of ubiquitination of G4BPs. These issues need to
be addressed in future studies. With the continuous improvement of G4-protein interaction
regulatory tools, the regulation of G4-protein interactions targeting the G4 structure of

disease-related genes is likely to provide new ideas for disease treatment[63].

Conclusion Remarks

In the past decade, the study of biochemical methods for G4BPs has made tremendous
progress, achieving unprecedented throughput, sensitivity and resolution, and greatly

contributing to the biological study of G4BPs. It is becoming increasingly clear that G4-
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protein interactions should be considered as a fundamental regulatory mechanism of cellular
biological processes. G4BP is implicated in many important biological processes,
particularly transcription, RNA splicing and maintenance of genomic stability. The key
challenge for the future is to elucidate the regulatory network of the G4-protein interactome,
especially at telomeres, promoters and RNA splicing sites, and validate the specific
mechanisms of their involvement in biological regulation. To achieve these goals, G4BP
biochemical methods still need to be improved and developed (see Outstanding
guestions), as has been discussed in detail in this review. The emergence of more powerful
biochemical tools, including the discovery, identification, and regulation of G4BP, will lead to
a clearer understanding of the role of G4-protein interactions in disease, providing new ideas

for the treatment of tumors and viral infections, and ultimately their clinical application.
Glossary

Flow-through: The components of the sample after passing through the chromatographic

column.

G-tetrad: The four guanines are arranged into a square planar configuration through the

Hoogsteen hydrogen bonds between adjacent guanines, which is called G-tetrad.

G-quadruplex ligands: Aromatic planar compounds that can specifically bind to DNA

and/or RNA G-quadruplex.

Label-free quantitative analysis : A quantitative analysis method of protein based on the

correlation between protein abundance and the intensity of peptide peak in the primary

spectrum or the number of secondary spectrum of mass spectrometry data.

Photo-crosslinking: A photochemical reaction process in which photosensitive groups

produce free radicals under light and covalently cross link with adjacent biomacromolecules.
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Box 1. Overview of G4-binding proteins

In 2000, Mergny's group reported that human DNA topoisomerase | (TOP1) can bind to G4
structures[64] (Figure IA), opening the research on G4BPs. Subsequently, G4BP has
attracted increasing interest. New G4BPs have been reported every year, especially in the

last 5 years (Figure 1B). G4BP is emerging as a promising field in chemical biology.

There are two main mechanisms by which G4BPs interact and function with intracellular
G4s[65]. One is to unfold the G4 structure after binding to it. For instance, telomere repeat
sequences can form stable G4 structures and impede telomere maintenance, thus some
G4-unfolding proteins located in telomere region are essential to maintain telomere
homeostasis and integrity[66]. Based on a similar mechanism, some G4-binding DNA
helicases help to remove DNA lesions caused by G4 structures and promote the correct
replication of G4-containing DNA regions[67]. The other interaction mechanism is to be
recruited to specific functional regions of the DNA or RNA strand by binding to the G4
structure. The most important example is G4-binding transcription factors. Both bioinformatic
prediction analysis and G4 ChIP-seq proved that G4s are enriched in the promoter regions
of human genome, and these G4s serve as transcription factor binding hubs to mold cell-

type specific transcriptome[13, 68].

We summarized all experimentally identified G4BPs in Table S1. Among the 105 validated
G4BPs, approximately one third were G4-unfolding proteins and the others were G4-
recruited proteins (Figure IC). These proteins are involved in numerous biological processes,
mainly including transcription, RNA splicing and translation (Figure ID). The biological

processes related to G4BPs have been reviewed in detail elsewhere[33, 65].
Box 2. The relationship between G4-binding proteins and diseases

Since G4BP is involved in the formation of G4 structures and mediates biological functions
based on G4 structures, dysregulation of these proteins is closely associated with many
diseases such as tumors, viral infections and neurodegenerative diseases[69]. Therefore,
the extensive research on G4BP will contribute to the discovery of new therapeutic
targets[70].
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Many G4-recruited proteins play key roles in DNA replication, DNA repair and chromosome
homeostasis, because G4 structures can cause DNA lesions and replication errors. If these
G4BPs function abnormally, the genomic instability caused by G4 can accumulate to form
oncogenic gene variations[71]. For example, the proto-oncogene p53 binds to the G4
structure in the promoter region[72], which in turn regulates the expression of cell cycle-
related genes, thereby promoting the proliferation of tumor cells with high p53 expression.
In addition, the high expression of the G4-unfolding helicase WLN and BLM in tumor cells
allows the DNA lesions caused by G4 to be cleared, which is related to the unlimited

proliferative capacity of tumor cells[73-76].

The presence of G4 structures has been demonstrated in the DNA or RNA of many kinds of
viruses, such as human immunodeficiency virus (HIV)[77], human papillomavirus (HPV)[78],
herpes simplex virus (HSV)[79], hepatitis C virus (HCV)[80], Epstein-Barr virus (EBV)[81]
and SARS-COV-2[82]. G4BPs also have important functions in the life cycle of these viruses,
which has been summarized in detail[63]. For example, the mRNA of Epstein—Barr nuclear
antigen 1 (EBNAL) contains 13 repeated G4 structures, which can interact with linking region
1 (LR1) and linking region 2 (LR2) to mediate viral DNA replication[83]. It has been
demonstrated that disrupting this interaction by G4 ligand BRACO-19 can effectively inhibit
EBV replication. The nucleocapsid protein of HIV-1 unfolds the G4 structures in the viral
genomic RNA, promoting the initiation of viral reverse transcription[84]. Targeting the G4-

protein interaction in viruses is valuable for potentially antiviral therapeutics[63].

Finally, G4BP is also closely associated with neurodegenerative diseases. For example, the
MRNA of genes associated with Parkinson’s disease contains stable G4 structures in the 5°
UTR regions[85]. These G4s are bound with guanine nucleotide-binding protein-like 1
(GNL1), which may inhibit the translation of the corresponding mRNA. In addition, G4-
unfolding protein FMRP has an obvious low expression in Fragile X syndrome[86, 87], which
are further demonstrated to interfere with the transport and translation of some RNAs.
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chart of two main mechanisms by which G4BPs interact and function with intracellular G4s.

D, Histogram of biological process in which G4BPs involved.

Figure 1 Bioanalytical methods for discovering new G4BPs. A, Schematic diagram of
affinity enrichment methods for screening G4BPs. B, Schematic diagram of the approach to
exclude nonspecific nucleic acid binding proteins with a G4-mut affinity column and a G4
affinity column. C, Schematic diagram of stable isotope labeling by amino acid in cell culture
(SILAC)-based quantitative proteomic method to screening G4BPs. D, Schematic diagram

of G4 ligand-mediated photo-crosslinking protein assay for labeling and identifying G4BPs.

Figure 2 The molecular tools for regulating G4-protein interactions in living cells. A,

Structures of G4 ligands that can inhibit G4-protein interactions, including Telomestatin,

TMPyP4, N-methyl mesoporphyrin IX(NMM), and CX-3543. B, Schematic diagram of L-

Apt.4-1c-induced interference with hTERC rG4-RHAUS3 peptide interactions. C, Schematic
diagram showing the mechanism of RHAU degradation by G4-PROTAC.

Table 1 Affinity enrichment methods in the discovery of G4BPs.

Strategy for excluding non-specific Identified
G4 type Bait G4 sequence Protein source Reference
nucleic acid binding proteins proteins

The cell-extracted proteins were first
passed through a non-G4 single-stranded

DNA affinity column, then the flow- human c-MYC G4 HeLa whole-cell extract 10 [26]
DNA G4

through protein mixture was applied to G4

DNA affinity column.

The identified proteins were filtered ERBB2 promoter G4 MCEF-7 cell nuclear extract 10 [21]
according to Fold Change > 2 (at least a
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twofold stronger binding to the G4 strand

than to the non-G4 strand).

26-mer truncation of

human telomeric DNA HCT116 cell nuclear extract 19 [24]
sequence
c-KIT, c-MYC and
human telomere G4 HeLa cell nuclear extract 1 [27]
Forward stable isotope labeling by amino sequence
acid in cell culture (SILAC)-based
quantitative proteomic method. ¢-KIT, ¢-MYC  and
human telomere G4 81 [29]
sequence
GGGGCC repeat RNA HEK?293 cell nuclear extract 20 [22]
The identified proteins were filtered
MMP16 and ARPC2 HEK?293 and HeLa cell
according to Fold Change > 2 (at least a 25 [23]
mRNA G4 nuclear extract
twofold stronger binding to the G4 strand
than to the non-G4 strand). RNA G4 human NRAS mRNA
HeLa cell cytosolic extract 80 [25]
G4
Forward stable isotope labeling by amino
BCL2, NRAS, MMP16
acid in cell culture (SILAC)-based HEK?293 cell nuclear extract 12 [28]
and ARPC2 mRNA G4
quantitative proteomic method.
Table 2 Bioanalytical methods for characterizing G4-binding proteins
Method Information of G4-binding proteins Features and limitations Reference

In vitro biophysical methods
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Electrophoretic mobility shift assay

The formation of G4-protein

Inexpensive, simple to perform;

Need high-purity G4BPs; [26, 31, 39]
(EMSA) complexes Limited to in vitro studies.
Dimethyl sulfate (DMS) foorprinting The formation of G4-protein Inexpensive, simple to perform;
Need high-purity G4BPs; [26, 39]
assay complexes Limited to in vitro studies.
High sensitivity in the investigation of G4-
Fluorescence resonance energy The disruption of G4 structures unfolding proteins;
Need high-purity G4BPs and fluorophore [40]
transfer (FRET) mediated by G4-unfolding proteins conjugated nucleic acid strands;
Limited to in vitro studies.
Not dependent on purified G4BPs;
The formation of G4-protein Dependent on high quality antibodies;
Affinity enrichment - o [30]
complexes May have false positive caused by indirect
interactions.
Single-molecule methods
Detection G4-protein interaction at single-
molecule level;
Optical tweezer Kinetics of G4-protein interactions [42]
Need high-purity G4BPs;
Limited to in vitro studies.
Detection G4-protein interaction at single-
molecule level;
Magnetic tweezer Kinetics of G4-protein interactions [43]
Need high-purity G4BPs;
Limited to in vitro studies.
Detection G4-protein interaction at single-
molecule level;
Zero-mode waveguide (ZMW) Kinetics of G4-protein interactions [44]
Need high-purity G4BPs;
Limited to in vitro studies.
Methods for detecting the affinity constant of G4BP
Enzyme-linked immunosorbent assay The binding constant of G4-protein
Dependent on high quality antibodies; [32]
(ELISA) complexes
Surface plasma resonance (SPR) Need high-purity G4BPs; [45, 88]

The binding constant of G4-protein

24125




complexes

The binding constant of G4-protein

Micro-scale thermophoresis (MST) ° Need high-purity G4BPs; [46, 89]
complexes
[} Provide exact 3D structure of G4BPs;
Nuclear magnetic resonanace (NMR) 3D structure of G4-protein complexes [48]
(] Need high-purity G4BPs;
) Provide exact 3D structure of G4BPs;
X-Ray Crystallography 3D structure of G4-protein complexes [90]
° Need high-purity G4BPs;
Intracellular characterization method
Module assembled multifunctional Occupied G4 Ratio of an individual * Single-cell imaging of RNA G4 located in an
individual gene; [49]

probes assay (MAMPA)

G4 motif in a specific RNA

(] Low throughput.
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Outstanding questions

1.

In order to study the function and mechanism of a G4 structure of a specific gene, can
we develop high-sensitive biochemical methods for labeling G4BPs that bind to a unique

G4 motif in living cells?

What methods can be used to identify G4PBs without disruptions on G4-protein

interaction state?

Can deep learning prediction methods help to discover new G4BPs?

. Can we achieve high-throughput analysis of the G4-protein interactome in living cells?

How can we achieve intracellular regulation of G4-protein interactions on an individual

G4 structure of a specific gene?

What kind of regulatory tools can be used to modulate G4-protein interactions with
efficient delivery and long-time stability, which has potential to be applied in disease

treatment?



Highlights

G-Quadruplex-Protein Interactions: Screening, Characterization and Regulation
Yicong Dai®®, Xucong Teng?P?, Qiushuang Zhang??, Hongwei Hou®*, Jinghong Li&0*

a Department of Chemistry, Key Laboratory of Bioorganic Phosphorus Chemistry &
Chemical Biology, Tsinghua University, Beijing 100084, China

b Center for BioAnalytical Chemistry, Hefei National Laboratory of Physical Science at

Microscale, University of Science and Technology of China, Hefei 230026, China
¢ China National Tobacco Quality Supervision and Test Center, Zhengzhou 450001, China

*Correspondence: jhli@mail.tsinghua.edu.cn (J.H. Li), houhw@ztri.com.cn (H.W. Hou)
Highlights

® Affinity enrichment methods and G4 ligand-mediated photo-crosslinking methods can

be used to screen new G4BPs with high throughput and accuracy.

® Many in vitro methods for the validation of G4BP have been developed based on some
traditional nucleic acid-protein interaction assay, but methods for investigating the G4-

protein interactions in cellular milieu are still under demand.

® Small molecule antagonists of G4BP and G4 aptamers are powerful tools for the

regulation of G4BP in living cells.

® PROTAC (proteolysis-targeting chimeras) can now be used in the degradation of G4BP.



Table S1. Experimentally validated G4-binding proteins.

G4-Protein Interaction
Gene Symbol G4BP-Involved Biological Process Reported Year Reference
Mechanism
AFF2 G4-recruited RNA splicing 2009 [1]
APEI G4-recruited DNA oxidation and DNA repair 2020 [2-4]
ATRX G4-recruited Chromatin remodeling 2010 [5, 6]
BLM G4-unfolding DNA replication 2014 [7-9]
BRCA2 G4-recruited Telomere maintenance 2022 [10]
BRIP1 G4-unfolding DNA unwinding 2012 [11-13]
CNBP G4-recruited Transcription 2008 [14]
CTC1 G4-unfolding DNA replication 2019 [15]
DDX1 G4-unfolding DNA unwinding 2021 [16]
DDX17 G4-unfolding RNA splicing 2014 [17, 18]
DDX21 G4-unfolding Translation 2017 [19]
DDX24 G4-unfolding RNA unwinding 2021 [16]
DDX3X G4-unfolding DNA unwinding 2018 [17]
DDX5 G4-unfolding Transcription 2014 [17]
DHX36 G4-unfolding Translation 2018 [20, 21]
DHX9 G4-unfolding Translation 2018 [20]
DNAIJC2 G4-recruited DNA repair 2020 [22]
DNA2 G4-unfolding DNA replication 2008 [23]
DNMTI1 G4-recruited DNA methylation 2016 [24, 25]




G4-Protein Interaction

Gene Symbol G4BP-Involved Biological Process Reported Year Reference
Mechanism

DNMT3A G4-recruited DNA methylation 2016 [25]
DNMT3B G4-recruited DNA methylation 2016 [25]
EFHD2 G4-recruited N. D. 2014 [26]
EIF4G1 G4-recruited Translation 2020 [27]
EIF4G2 G4-recruited Translation 2020 [27]
EIF4G3 G4-recruited Translation 2020 [27]
ERCC2 G4-recruited DNA repair 2014 [28]
ERCC3 G4-recruited DNA repair 2014 [28]
EWSRI1 G4-recruited Transcription 2011 [29]
EZR G4-recruited Transcription 2021 [30]

FMR1 G4-recruited RNA splicing 2008 [31-33]

FUS G4-recruited Transcription and telomere maintenance 2013 [34-36]
FXR1 G4-recruited Translation 2018 [17]
FXR2 G4-recruited Translation 2018 [17]
GNL2 G4-recruited RNA metabolism 2021 [37]
G3BP1 G4-recruited N.D 2021 [30]
GDI2 G4-recruited N.D 2021 [30]
GRSF1 G4-recruited RNA splicing 2018 [17]
HMGAI1 G4-recruited Transcription 2021 [30]

HMGBI1 G4-recruited Telomere maintenance 2015 [38, 39]




G4-Protein Interaction

Gene Symbol G4BP-Involved Biological Process Reported Year Reference
Mechanism

HNRNPA1 G4-unfolding RNA splicing 2003 [40-43]
HNRNPA2B1 G4-unfolding RNA splicing 2007 [44]
HNRNPA3 G4-unfolding RNA splicing 2013 [45]
HNRNPF G4-recruited RNA splicing 2017 [46]
HNRNPHI G4-unfolding RNA splicing 2022 [47]
HNRNPL G4-recruited N.D 2013 [45]
HNRNPQI G4-unfolding Translation 2016 [48]
HNRNPU G4-unfolding Telomere maintenance 2019 [49]
IF116 G4-recruited DNA repair 2016 [50]
IGF1 G4-recruited Transcription 2019 [51]
IGF2 G4-recruited Transcription 2006 [52]
IGF2BP1 G4-recruited N.D 2013 [45]
ILF2 G4-recruited Transcription 2013 [45]
ILF3 G4-recruited Transcription 2013 [45]
KHSRP G4-recruited Telomere maintenance 2015 [39]
LMNBI1 G4-recruited Telomere maintenance 2015 [39]
MAZ G4-recruited Transcription 2013 [53]
METTL14 G4-recruited RNA methylation 2022 [54]
MYH9 G4-recruited N.D 2009 [55]
NCL G4-recruited Transcription 2009 [55]




G4-Protein Interaction

Gene Symbol G4BP-Involved Biological Process Reported Year Reference
Mechanism
NEIL1 G4-recruited DNA repair 2021 [56]
NME2 G4-recruited Transcription 2017 [57]
NOA1 G4-recruited Mitochondrial activity 2013 [58]
NONO G4-recruited Transcription 2020 [59]
NPM1 G4-recruited RNA splicing 2022 [60]
NRF1 G4-recruited Transcription 2021 [36]
NSUNS5 G4-recruited RNA methylation 2018 [17,61]
PARP1 G4-recruited Telomere maintenance 2010 [62]
PCNA G4-recruited N.D 2021 [30]
PDGFA G4-recruited Cell signalling 2015 [63]
PDGFB G4-recruited Cell signalling 2015 [63]
PIF1 G4-unfolding DNA unwinding 2001 [64]
POT1 G4-unfolding DNA unwinding 2005 [65-68]
PURA G4-recruited N.D 2012 [69]
RACKI1 G4-recruited N.D 2021 [30]
RBM22 G4-recruited N.D 2021 [16]
RBM4 G4-recruited Transcription 2018 [61,70]
RECQLS5 G4-recruited DNA unwinding 2016 [71]
REV1 G4-unfolding DNA replication 2014 [72]
RIF1 G4-unfolding Telomere maintenance 2018 [73, 74]




G4-Protein Interaction

Gene Symbol G4BP-Involved Biological Process Reported Year Reference
Mechanism

RPALI G4-unfolding Telomere maintenance 2006 [75]
SERBP1 G4-recruited N.D. 2021 [30]
SFPQ G4-recruited N.D. 2013 [45]
SLIRP G4-recruited N.D. 2017 [76]
SMARCA4 G4-recruited Transcription 2021 [16]
SP2 G4-recruited Transcription 2021 [36]
SPATS2L G4-recruited N.D 2021 [30]
SRSF1 G4-recruited RNA splicing 2014 [26]
STN1 G4-unfolding DNA replication 2019 [15]
SUBI1 G4-unfolding DNA unwinding 2017 [77]
SYNCRIP G4-unfolding RNA splicing 2005 [78]
TARDBP G4-recruited RNA transport 2016 [79]
TDRDS5 G4-recruited RNA metabolism 2020 [80]
TDRD7 G4-recruited RNA metabolism 2020 [80]
TENI1 G4-unfolding DNA replication 2019 [15]
TERF2 G4-recruited Telomere maintenance and transcription 2012 [81]

TOP1 G4-unfolding DNA replication 2000 [82, 83]
TP53 G4-recruited Transcription 2016 [84]
U2AF2 G4-recruited RNA splicing 2014 [26]
UHRF1 G4-recruited N.D 2021 [16]




G4-Protein Interaction
Gene Symbol G4BP-Involved Biological Process Reported Year Reference
Mechanism
VEGFA G4-recruited N. D. 2015 [63]
VIM G4-recruited Chromatin remodeling 2022 [85]
WRN G4-unfolding DNA unwinding 2016 [86]
XRCC5 G4-recruited DNA repair 2012 [69]
XRCC6 G4-recruited DNA repair 2012 [69]
YY1 G4-recruited Chromatin Remodeling 2021 [87]

N.D., not determined.
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