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Chapter

Biophysical and Biochemical
Approaches for R-Loop Sensing
Mechanism

Na Young Cheon, Subin Kim and Ja Yil Lee

Abstract

An R-loop is a triple-stranded nucleic acid structure consisting of a DNA-RNA
hybrid and a displaced single-stranded DNA. R-loops are associated with diverse
biological reactions, such as immune responses and gene regulation, and dysregulated
R-loops can cause genomic instability and replication stress. Therefore, investigating
the formation, regulation, and elimination of R-loops is important for understanding
the molecular mechanisms underlying biological processes and diseases related to
R-loops. Existing research has primarily focused on R-loop detection. In this chapter,
we introduce a variety of biochemical and biophysical techniques for R-loop sensing
and visualization both iz vivo and in vitro, including single-molecule imaging. These
methods can be used to investigate molecular mechanisms underlying R-loop search
and identification.

Keywords: R-loop, genetic instability, R-loop sensing, and single-molecule imaging

1. Introduction
1.1 History of R-loops

R-loops are three-stranded nucleic acid structures consisting of a DNA-RNA
hybrid and a displaced single-stranded (ss) DNA. They were first described in 1976
by Thomas et al., who observed a hybridized form of ribosomal RNA and ribosomal
DNA of Saccharomyces cerevisiae 26S [1]. Structurally, RNA-DNA hybrids adopt an
A-form structure [2, 3]. The structure of an R-loop formed with RNA polymerase or
CRISPR-Cas9 shows that R-loops have a helical RNA-DNA hybrid structure and a
dissociated ssDNA [4-7].

1.2 Biological functions of R-loops

RNA-DNA hybrids can be formed from GC-rich clusters during transcription or
primer synthesis of DNA replication [2, 8]. Because nucleic acid strands are stabilized
when they form a double-stranded conformation, the nascent RNA is hybridized to
the template DNA strand when the double-stranded (ds) DNA is denatured during
replication or transcription [2]. Therefore, R-loops can form at any time when there
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is a chance that RNA can be annealed with its template DNA. The thread-back model
proposes that R-loop formation stems from the annealing of RNA with DNA when
the DNA left behind the transcriptome is negatively supercoiled and unwound [9].
Previous studies support this model [10-13]. Incomplete transcription elongation and
termination also induce RNA-DNA hybrid formation, and the denaturation of duplex
DNA by negative supercoiling increases R-loop formation.

R-loops have multiple roles in diverse biological reactions (Figure 1). First,
R-loops induce genetic rearrangements in B-cells during immunoglobulin class
switching [14]. R-loop formation is promoted by transcription through switched
immunoglobulin loci, and the R-loop provides a ssDNA substrate for activation-
induced deaminase (AID), which converts cytosine to uracil in both DNA strands.
Uracil is subsequently removed by uracil glycosylase, and apurinic/apyrimidinic
endonuclease makes nicks at the abasic sites and induces DNA double-strand breaks.
During DNA double-strand break repair, the immunoglobulin locus is rearranged to
change the level of antibodies generated. R-loops can also regulate both the activation
and termination of transcription. Most human promoters are associated with CpG
islands [15]. Ginno et al. demonstrated that R-loops are located at promoter sites
that have CpG islands and proposed that R-loops protect the template DNA strand
from gene-silencing methylation [16]. R-loop stabilization at the promoter region
also regulates transcription. Flowering Locus C (FLC) is a transcription repressor
of Arabidopsis thaliana that is regulated by COOLAIR through antisense transcrip-
tion. Sun et al. found that the homeodomain protein AtNDX stabilizes R-loops by
binding their displaced ssDNA at the COOLAIR promoter, thus inhibiting COOLAIR
transcription and regulating FLC expression [17]. Antisense transcription-mediated
R-loop formation at the Vimentin (VIM) promoter induces local chromatin decon-
densation and enhances gene expression [18]. R-loops also play a role in chromatin
organization. For example, they are tightly linked to H3 S10 phosphorylation, which
is a mark of chromatin condensation [19]. R-loops regulate both transcription
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Figure 1.
The causes and consequences of R-loop formation.
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initiation and termination [20]. Skourti-Stathaki et al. proposed a pause-dependent
transcription termination mechanism mediated by R-loops and H3K9me?2. R-loops are
formed in transcription termination regions containing GC-rich sequences and facili-
tate antisense RNA transcription, inducing dsRNA for RNA interference factors, and
they recruit G9a/GLP for the methylation of H3K9 along with HP1y, which terminates
transcription [21]. In addition to research by Skourti-Stathaki and colleagues, other
studies suggest that R-loops can regulate transcription termination by RNA poly-
merase pausing [22, 23]. R-loops also occur at telomeres. Telomeric-repeat-containing
RNAs (TERRAs) are noncoding RNAs transcribed from eukaryotic telomeres [24].
During telomerase-mediated telomere elongation in rat1-1 mutant Saccharomyces
cerevisiae, TERRAs form RNA-DNA hybrids and inhibit telomerase function [25]. In
addition, the THO complex maintains yeast telomeres by suppressing R-loops generated
by TERRAs [26].

1.3 R-loops, genomic instability, and human diseases

Despite the multiple roles of R-loops in normal cellular processes described above,
they are also considered a form of DNA damage that can threaten genomic main-
tenance and integrity. In particular, the displaced ssDNA in an R-loop can increase
genomic instability because it is a good endonuclease substrate [13, 27]. R-loops also
induce replication stress. When the displaced ssDNA is broken, the replication fork
stops at the R-loop. The RNA-DNA hybrid itself can block the progression of replica-
tion forks, and DNA polymerases may become trapped at R-loops [13, 28, 29]. Such
replication stresses will activate DNA repair pathways, which might cause chromo-
some rearrangement [29].

Genomic instability that stems from R-loops may also contribute to some human
diseases. Although there is no apparent evidence that R-loops are directly associated
with disease, efforts to show causality between R-loops and disease have increased
[30]. Some genetic disorders are caused by gene-specific repeats. R-loop formation is
highly probable in tandem repeat sequences with high GC content and could change
the repeat length. In particular, trinucleotide repeat expansion is a major cause of
neurological and neuromuscular diseases, such as Huntington’s disease and fragile X
syndrome [31, 32]. It has been proposed that R-loops are associated with other neuro-
logical disorders, including amyotrophic lateral sclerosis, Aicardi-Goutiéres syndrome,
and Prader-Willi syndrome [33-35]. R-loops also appear to be associated with cancer.
BRCA genes, which are involved in DNA double-strand break repair via homologous
recombination, are intimately associated with breast and ovarian cancer, and BRCA2
prevents R-loop accumulation [36, 37]. VIM is a member of the intermediate fila-
ment family and associated with different types of cancer. In colon cancer, the VIM
promoter is hypermethylated and VIM expression is silenced. In normal cells, the gene
is activated by R-loop formation in the promoter region, raising the possibility that
transcription regulation by R-loops related to cancer development [18].

1.4 R-loop prevention and elimination

As described above, R-loops can cause genomic instability unless they are
resolved, so they must be properly regulated. Several proteins are involved in R-loop
prevention or elimination, such as RNase H, DNA TOP1, and Senl [38]. For example,
RNase H directly removes R-loops by specifically degrading the RNA in RNA-DNA
hybrid structures [39]. RNA helicases also resolve R-loops by unwinding RNA-DNA
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hybrid structures [40]. Because negative supercoiling promotes R-loop formation,
topoisomerases play a key role in preventing R-loops [41]. In the case of replication
fork stalling due to R-loops, FANCD2 recruits RNA processing enzymes such as
hnRNP U and DDXA47 to resolve R-loops at the stalled fork [42].

2. In vivo R-loop assays

Visualizing R-loop formation is important for understanding R-loop metabolism.
Because R-loops basically consist of nucleic acids, distinguishing R-loop from ds- and
ss-DNA or RNA using existing DNA staining or visualization methods is challenging.
S9.6 is an antibody specific to an RNA-DNA hybrid, which was developed in 1986 and
rapidly advanced R-loop-related research [43]. This antibody is commonly used to
detect R-loops both in vivo and in vitro [44-47].

Currently, the most popular R-loop characterization technique is DNA-RNA
immunoprecipitation sequencing (DRIP-seq), in which RNA-DNA hybrid strands
are immunoprecipitated with S9.6 and then sequenced (Figure 2, [47, 48]). DRIP-seq
was first adopted for profiling CpG island promoters, where R-loops are predomi-
nantly formed [16]. This method revealed that genes containing terminal GC-rich
sequences form R-loops at their 3’-end, suggesting that R-loops contribute to efficient
transcription termination [20]. The DRIP-seq technique has been further improved;
S1 nuclease treatment prior to DRIP-seq can stabilize the DNA-RNA hybrid because
S1 removes the displaced ssDNA, thus improving the resolution [49]. In conventional
DRIP-seq;, it is assumed that the content of R-loops or RNA-DNA hybrids does not
vary depending on cell type and growth condition. For appropriate comparison,
quantitative differential DNA-RNA immunoprecipitation sequence (qDRIP-seq)
uses synthetic RNA-DNA hybrids as internal standards and facilitates comparison
between different conditions with high resolution and sensitivity [50]. Although
DRIP-seq is a very robust and well-characterized technique, it can only measure
the ensemble average level of R-loops. However, single-molecule R-loop footprint-
ing (SMRF-seq) can reveal the R-loop population via chemical reactivity of ssDNA
at the single-molecule level. Malig et al. developed SMRF-sequencing based on
non-denaturing bisulfite conversion [51, 52]. Sodium bisulfite treatment converts
unpaired cytosines to uracils on ssDNA. In R-loops, only one strand is unpaired and
exposed to bisulfite, whereas the complementary strand is protected by RNA. Thus,
the PCR product of the displaced single strand in an R-loop has a converted sequence
of cytosines to thymines, which is a footprint of the R-loop. PCR products are rap-
idly sequenced using a single-molecule real-time sequencing technique [53]. This
approach enables characterization of the individual footprints of R-loops on long-
range genomes at high resolution, even at the single-molecule level.

Fluorescently labeled S9.6 can be used as an R-loop probe in microscope imag-
ing at the cellular level (Figure 3a). The brief procedure is following. K562 cells
were pelleted after trypsinization for detaching cells from the plate. Supernatant
was discarded to approximately 300 ul, and cell pellets were resuspended. 5 ml of
37°C pre-warmed 75 mM KCl solution was added in a drop-wise manner while the
resuspended cells were slowly agitated. After the cells were incubated at 37°C for
14 min, five or six drops of fresh ice-cold fixative solution (3,1 methanol:acetic acid)
were added to the cells, which were centrifuged again. Supernatant was discarded to
approximately 300 ul, and cell pellets were resuspended. The cells were treated on ice
with 5 ml of ice-cold fixative solution in a drop-wise manner. After washed once with
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Figure 2.

The flow chart of DRIP-seq. Step 1: whole-genomic DNA containing R-loops is extracted from cells.

Step 2: extracted genomic DNA is fragmented by various types of vestriction enzgymes. Step 3: R-loops containing
RNA-DNA hybrids are precipitated with S9.6 antibodies. Step 4: S9.6 antibodies are eliminated by proteinase K
treatment, and R-loops are purified by phenol-chloroform extraction followed by ethanol precipitation. Step 5:
precipitated R-loops ave sequenced.

fixative solution, the cells were spread onto a clean slide followed by 1 min incubation
in 95°C steam for drying. The slide was immediately treated with blocking buffer (1x
PBS, 5% BSA, 0.5% Triton X-100) and incubated at room temperature for 1 hr. The
slide was successively treated with §9.6 antibody (1500) in blocking buffer at 4°C
overnight. After residual S9.6 antibody was washed three times with washing buffer
(1x PBS supplemented with 0.1% Triton X-100), the slide was treated with mouse
AlexaFluor 594-conjugated secondary antibody at room temperature for 1 hr. The
unbound secondary antibody was washed three times with washing buffer, and then
the cells were stained with 4,6 diamidino-2-phenylindole (DAPI) and mounted using
Vectashield (Vector Laboratories). Finally, the cells were imaged using a fluorescence
microscope.

The use of immunofluorescence with S9.6 can allow visualization of the intracel-
lular locations of RNA-DNA hybrids, even in mitochondria [54-56]. Furthermore,
R-loop detection by S9.6 is ensured by RNase H1 overexpression (Figure 3b). R-loops
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Figure 3.

Flow chart of in vivo immunofluorescence imaging using S9.6 for R-loop visualization. (a) Flow chart of

in vivo immunofluorescence imaging using S9.6 for R-loop visualization. (b) Cellular images of S9.6 labeled with
fluorescent secondary antibodies. RNase H1 overexpression significantly reduces the S9.6 signal due to elimination
of R-loops.

can also be visualized via R-loop associated proteins with diverse modifications.
Prendergast et al. subcloned the RNA binding domain (RBD) of RNase H1 fused to
DsRed fluorescent protein to monitor intracellular R-loop dynamics [57]. Hodroj

et al. enhanced green fluorescent protein (eGFP)-fused Ddx19 RNA helicase that
specifically binds RNA-DNA hybrids. The fluorescent signal of eGFP-Ddx19 indicates
R-loop formation inside cells. In addition, it does not form foci when RBD-mutated
Ddx19 and phosphorylation site-mutated Ddx19 are used [58].

3. In vitro approaches

In addition to iz vive methods, several biochemical assays have been developed
to study R-loops. Classically, R-loops are formed from transcription in a supercoiled
plasmid by phage RNA polymerases (RNAPs) such as T3 or T7 [59]. Because R-loops
have a three-strand structure, they have lower mobility than DNA duplexes in gel
electrophoresis, so band shift or smearing occurs between supercoiled and relaxed
plasmids during this procedure [53, 60]. Because RNase H digests ssRNA, dsRNA,
and RNA-DNA hybrids, RNase H treatment eliminates the mobility shift of plasmids
observed with gel electrophoresis [61, 62]. In addition, R-loops can be detected by
isotope (e.g. *’P) or fluorescently labeled RNA, which is formed with isotope or
fluorescently labeled ribonucleoside triphosphates during transcription. The labeled
RNA is used to confirm if the plasmid mobility shift actually results from R-loops
[53, 60]. In contrast, S9.6 is also used in electrophoresis mobility shift assay (EMSA)
and Western blot with oligomers (Figure 4a). EMSA in Figure 4a was performed
with fluorescently labeled R-loop and homoduplex DNA with synthesized oligomers
(Table 1) following the previous protocol [55]. The oligomers were mixed for R-loop
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Figure 4.

In vitro EMSA (electrophovesis mobility shift assay) for R-loop identification. (a) EMSA image for identifying
R-loops in vitro. Fluorescently labeled oligomers weve hybridized to form duplex DNA and R-loop structures.

The R-loops shifted upward because of their lower mobility compared with same-length duplex DNA due to its
molecular weight and the displaced ssDNA (lane 1 vs. lane 3). Because S9.6 specifically binds to R-loops, S9.6
treatment further super-shifts R-loops but not duplexes (lane 2 vs. lanes 4, 5, and 6). The black triangle represents
the increasing concentration of S9.6 antibody (10, 30, and 50 nM). (b) Simplified diagram of R-loop visualization
using fluorescently labeled catalytically-inactive RNase H1 or RBD. In addition to the S9.6 antibody, catalytically-
inactive RNase H1 and RBD with fluorescence dye can also be used to visualize R-loops.

and homoduplex DNA as shown in Table 2, and the mixture was heated at 95°C and
then slowly cooled down to room temperature. 10 nM R-loop or duplex DNA was
mixed to $9.6 (10, 30 and 50 nM) in reaction buffer (10 mM HEPES [pH 7.5], 1 mM
DTT, and 5% glycerol). The reactant was incubated in the dark at room temperature
for 20 min. The R-loop formation and the binding of S9.6 to R-loop were analyzed
with 5% non-denaturing polyacrylamide gel electrophoresis and imaged by Typhoon
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Oligomer name Sequences

DNA1 5’-GCC GTC GCA TGA CGC TGC CGA ATT CTA CCA CGC GATTCA TAC CTG TCG
TGC CAG CTG CTTTGC CCA CCT GCA GGTTCA CCT CGT CCCTGG C-3

DNA?2 5’-[Cy3]-GCC AGG GAC GAG GTG AAC CTG CAG GTG GGC AAA GCA GCT GGC
ACG ACA GGT ATG AAT CGC GTG GTA GAATTC GGC AGC GTC ATG CGA CGG C-3

DNA3 5’-[Cy3]-GCC AGG GAC GAG GTG AAC CTG CAG GTG GGC GGC TAC TAC TTA GAT
GTC ATC CGA GGCTTATTG GTA GAATTC GGC AGC GTC ATG C GA CGG C-¥

RNA1 5’-[Cy5]-GCA GCU GGC ACG ACA GGU AUG AAU C-3’

[Cy3] and [Cy5] indicate the labeling of Cy3 and Cy5 fluovescent dyes, respectively.

Table 1.
List of oligomers for EMISA.

Substrate name Mixture recipe (total 20 plin reaction buffer)
Homoduplex DNA 1: 6 uM, DNA 2: 5 pM
R-Loop DNA1: 6 uM, DNA 3: 5uM, RNA 1: 5 M

Table 2.

Hybridization of oligomers for EMSA.

RGB (GE Healthcare) system. In EMSA using the oligomers, R-loops show band shift
from dsDNA resulting from low mobility due to its triple-strand structure. Further
band shift is observed following treatment with S9.6, which binds to RNA-DNA
hybrids [50, 55]. In Western blotting, RNA-DNA hybrid interactors can be validated
using S9.6 and target protein immunoprecipitation [45].

Purified RBD-DsRed specifically binds to RNA-containing structures, enabling
its use as a probe of R-loops (Figure 4b). DNA fibers can be spread on a surface to
distinguish the positions of R-loop regions with the purified RBD-DsRed. Various tags
combining the RBD of RNase H1 have been used in microscopic fluorescent imaging,
EMSA, and DRIP-seq to identify R-loops [63]. Crossely et al. designed and purified
different types of RNase H1 that contains RBD and full amino acid sequences [50].
However, the RNase H1 used in their research has a D210N mutation that renders it
catalytically inactive. Their construct successfully recognizes R-loops and RNA-DNA
hybrids without degradation of RNA in EMSA. The GFP-labeled catalytic mutant
RNase H1 thoroughly colocalized with R-loop-containing oligos within the cells.

Atomic force microscopy (AFM) scans a sample on a mica surface using a can-
tilever to yield a topographic image of the sample [64]. AFM has revealed diverse
types of nucleic acids structures and DNA-protein complex formations [65-67]. AFM
is also applied for visualizing R-loop formation. Carrasco-Salas et al. used AFM to
observe three distinct structures derived from R-loops: blobs, spurs, and loops [68].
The specific R-loop structures depend on the sequence of non-template strand that is
displaced in the R-loop, which suggests that non-template strand organization is an
intrinsic characteristic of R-loops.

4. Single-molecule approaches for R-loop studies

Although R-loop formation, function, and fate have been extensively stud-
ied using biochemical assays and cell-based imaging as described above, those
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approaches still have limitations related to probing molecular details due to the
ensemble average effect. Such hurdles can be overcome with single-molecule tech-
niques that enable researchers to 1) observe individual molecules without an ensemble
average effect, 2) mechanically manipulate biomolecules, and 3) directly observe
biomolecular interactions [69]. Several single-molecule techniques have been utilized
for R-loop studies. Lee et al. used protein-induced fluorescence enhancement (PIFE)
to observe R-loop formation during T7 RNA polymerase transcription [70]. PIFE is a
phenomenon in which a protein sometimes enhances the intensity of fluorescent dyes
on other biomolecules [71]. PIFE assays exploit this intensity enhancement to mea-
sure the distance and interaction between non-tagged proteins and fluorescent dyes
on target molecules, such as DNA. Fluorescent tagging of proteins is inefficient and
may disturb protein activity; however, in PIFE assays there is no need to tag proteins
[72]. The authors demonstrated that a G-quadruplex on the non-template strand
stabilizes the R-loop, which enhances transcription elongation.

In addition to PIFE, single-molecule FRET (smFRET) has been widely used for
probing the conformational dynamics of biomolecules (Figure 5a) [73, 74]. FRET
requires two dyes (donor and acceptor) with spectral overlap for donor emission and
acceptor absorption. In FRET, only the donor dye is excited, while the acceptor dye
emits fluorescence through energy transfer when both dyes are in close proximity, as
the energy transfer efficiency depends on the distance between them. R-loops are also
studied using smFRET, during which the target DNA or RNA and RNA polymerases
are fluorescently labeled with FRET donors and acceptors (Figure 5a, [75]). For
smFRET experiments, one DNA oligomer with both FRET donor (Cy3) and acceptor
(Cy5) and its complementary oligomer with biotin were hybridized. The hybridized
DNA was anchored on the surface of a quartz slide coated with polyethylene glycol
(PEG) via biotin-streptavidin interaction. Transcription was initiated by injecting
8 nM T7 RNA polymerases and 2 mM of rNTPs in imaging buffer (40 mM Tris-HCl
[pH 8.0], 50 mM KCI, 5 mM NaOH, 20 mM MgCl,, 1 mM DTT, 2 mM spermidine,

3 mM Trolox, 5 mM PCA, and 4 units/ml PCD). Total internal reflection fluorescence
(TIRF) microscopy equipped with an electron-multiplying CCD camera was used for
fluorescence imaging. Donor (Cy3) and acceptor (Cy5) dyes were excited by 532-nm
and 633-nm lasers, respectively. smFRET experiments revealed that R-loop forma-
tion precedes and facilitates G-quadruplex formation, which is extremely stable even
after R-loop resolution. Using smFRET, we can examine R-loop formation induced
by dsDNA denaturation, collision between RNAP and obstacles such as protein
roadblocks or DNA lesions, and G-quadruplex formation of displaced ssDNA during
R-loop formation [70, 75].

In addition to R-loop formation, sensing R-loops is important for downstream
processes, including R-loop resolution. In particular, how R-loop-binding proteins
recognize R-loops in long genomic DNA is unclear. R-loop search mechanisms have
been investigated with a novel single-molecule fluorescence imaging technique called
DNA curtain (Figure 5b, [76, 77]). In this assay, DNA molecules are anchored on a
lipid bilayer and aligned at nanometric diffusion barriers. Owing to the fluidity of
the surface lipid bilayer, DNA molecules are unidirectionally stretched under hydro-
dynamic flow. DNA curtains can be used to identify sequence-dependent binding
of proteins to DNA. Moreover, they allow us to visualize the movement of a protein
along a single DNA molecule in real time. To study the search mechanism, an R-loop
is inserted into a specific location of lambda phage DNA and fluorescently imaged
with Cy5-labeled RNA in the R-loop. Then, the R-loop-binding protein is tagged
with a fluorescent nanoparticle called a quantum dot (Qdot), which has a different
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Sifgle—molecule R-loop visualization techniques. (a) Schematic of single-molecule FRET. Hybridized

oligomers ave anchored on the biotinylated polyethylene glycol surface via biotin-streptavidin linkage. Donor
(green) and acceptor (ved) dyes in a duplex DNA display low FRET due to the long distance between the

two dyes. However, when an R-loop is formed during the transcription by RNAP (yellow), the dissociated
ssDNA emits high FRET. (b) Schematic of single-molecule DNA curtain. For DNA curtain assay, the

slide surface with nanometric diffusion barriers was coated with a biotinylated lipid bilayer, which is

made of DOPC (1,2-dioleoyl-sn-glycero-phosphocholine), 0.5% biotinylated-DPPE (1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N- (cap biotinyl) ), and 8% mPEG 2000-DOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000]). A Cys-labeled R-loop was inserted into lambda
phage DNA, which has biotin at one end. The lambda phage DNA was anchoved on the lipid bilayer via biotin-
streptavidin linkage in BSA buffer (40 mM Tris—HCI [pH 8.0], 50 mM NaCl, 2 mM MgCl,, and 0.4% BSA).
TonEBP with 3x FLAG was labeled with anti-FLAG conjugated quantum dot. Under hydrodynamic flow, DNA
curtain was formed in veaction buffer (10 mM HEPES [pH 75] and 50 mM NaCl), and R-loops were imaged by
Cys fluorescence under TIRF microscopy. Then quantum dot-labeled TonEBP was incubated with the lambda
DNA, and its binding to the R-loop was imaged. DNA molecules containing an R-loop are unidirectionally
stretched on the biotinylated lipid-coated slide (sky blue) and aligned at the chromium nano-barrier (gray) due to
the fluidity of lipid bilayer. The intevaction between TonEBP (blue) and R-loops (red), in which RNA is labeled
with a fluorescent dye, can be visualized in real time. (c¢) Schematic of magnetic tweezers. The magnetic field
exerts and measures both force and torque on the magnetic bead (black). The interaction between Mdf (violet)
linked to both duplex DNA and RNAP (yellow) during R-loop formation can be measured based on the length
change of DNA under a constant force using magnetic tweezers.
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emission wavelength from Cy5. Two-color imaging of both Cy5 and Qdot in the DNA
curtain allows the R-loop search mechanism of the R-loop-binding protein. Kang

et al. reported that tonicity enhancer-binding protein (TonEBP) plays important
roles in R-loop sensing and recruitment of downstream proteins [55]. Using the DNA
curtain approach, they revealed that TonEBP preferentially binds R-loops through
both three-dimensional collision and one-dimensional diffusion. This dual-search
mechanism facilitates rapid searches for R-loop throughout the long human genome.
Furthermore, the quantitative analysis on one-dimensional diffusion shows that
TonEBP diffuses along DNA by sliding rather than hopping. In EMSAs, TonEBP
preferentially binds R-loops, D-loops, and bubble DNA structures over duplex DNA.
The substances for which TonEBP has a high affinity all contain displaced ssDNA
structures. These results indicate that TonEBP preferentially binds displaced ssDNA,
thus recognizing R-loops on duplex DNA.

Magnetic tweezers assay can measure both the tension and topological features
of a single supercoiled DNA. In this approach, a linear DNA molecule is torsionally
constrained by tethering the DNA ends to the slide surface and a magnetic bead that
is rotated to induce DNA supercoiling (Figure 5c¢). Portmen et al. used magnetic
tweezers to elucidate the R-loop formation mechanism by the transcription-coupled
repair factor Mfd during transcription based on topologically changing the DNA
[78]. For the magnetic tweezers assay, 4.6 kbp long DNA containing a promoter site
was ligated with biotinylated handle at one end and digoxigenin handle at the other
hand. Digoxigenin end was anchored on an anti-digoxigenin-coated glass coverslip,
and biotinylated end was attached to a 1 pm diameter superparamagnetic bead.
Transcription reaction was done in reaction buffer (40 mM HEPES [pH 8.0], 100 mM
KClI, 8 mM MgCl,, 0.5 mg/ml BSA, and 1 mM DTT) supplemented with 300 pM RNA
polymerases, 500 nM Mfd, 50 nM GreB, 1 mM rATP, 100 uM rCTP, 100 pM rUTP,
and 100 pM rGTP. They found that R-loop formation was mediated by the Mfd-RNAP
complex, which compacted and supercoiled the template DNA during transcription.
Mfd simultaneously binds both RNAP and DNA and results in tripartite supercoiled
domains. The negative supercoiling in the tripartite domains serves as a substrate for
R-loop formation.

With advances in single-molecule imaging technology, we can investigate R-loops
and related factors that cannot be observed in traditional ensemble assays. The con-
vergence of single-molecule techniques and R-loop research will pave the way to more
thorough investigation of R-loops with higher spatiotemporal resolution.

5. Conclusions

R-loops are involved in various cellular activities but can threaten genomic
stability. Detecting these structures is important for understanding their metabo-
lism and underlying mechanism. This chapter described the formation, roles, and
regulation of R-loops and related diseases and explored iz vivo and in vitro methods
for R-loop detection and visualization, including single-molecule techniques. The
most classical methods for R-loop are based on the S9.6 antibody. However, novel
techniques that do not require this antibody have been developed. In particular,
single-molecule R-loop imaging techniques have accelerated research. We expect
that more advanced techniques for R-loops with high sensitivity and resolution will
be developed in the future.
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