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Double-stranded (ds)DNA, not dsRNA, has an ability to form a homologous complex with single-stranded
(ss)DNA or ssRNA of homologous sequence. D-loops and homologous triplexes are homologous com-
plexes formed with ssDNA by RecA/Rad51-family homologous-pairing proteins, and are a key intermedi-
ate of homologous (genetic/DNA) recombination. R-loop formation independent of transcription (R-loop
formation in trans) was recently found to play roles in gene regulation and development of mammals and
plants. In addition, the crRNA-Cas effector complex in CRISPR-Cas systems also relies on R-loop formation
to recognize specific target. In homologous complex formation, ssDNA/ssRNA finds a homologous
sequence in dsDNA by Watson-Crick base-pairing. crRNA-Cas effector complexes appear to actively melt
dsDNA to make its bases available for annealing to crRNA. On the other hand, in D-loop formation and
homologous-triplex formation, it is likely that dsDNA recognizes the homologous sequence before the
melting of its double helix by using its intrinsic molecular function depending on CH2 at the 20-
position of the deoxyribose, and that the major role of RecA is the extension of ssDNA and the holding
dsDNA at a position suitable for homology search. This intrinsic dsDNA function would also play a role
in R-loop formation. The dependency of homologous-complex formation on 20-CH2 of the deoxyribose
would explain the absence of homologous complex formation by dsRNA, and dsDNA as sole genome
molecule in all cellular organisms.

� 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
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1. Introduction

It is a longstanding question why DNA, not RNA, is the sole
genomic material of all cellular organisms. Possible explanations
to answer this question include the chemical and biological insta-
bility of RNA, its A-form structure as its double-strand form of RNA
and possible ribozyme activity. The A-form dsRNA has small
grooves that prevent sequence-dependent interactions with pro-
teins, but dsRNA has been shown to adopt also the A’ form that
contains wider major groove to accommodate sequence-specific
interactions with proteins [1]. Encoded sequences may induce a
ribozyme activity that causes the degradation of the RNA genome,
but DNA enzymes have been constructed [2]. Thus, these explana-
tions are not qualitative differences between DNA and RNA. The
ability of double-stranded (ds)DNA to form homologous complexes
with single-stranded (ss)DNA or ssRNA provides a more definitive
answer.

Homologous complexes are products of a reaction in which a
region of a strand of dsDNA is replaced by the ssDNA or ssRNA of
fully or almost fully identical sequence (homologous sequence),
thus forming a hybrid duplex (less than 10 base-pairs [bps] to sev-
eral kbps in length) with the complementary strand of the dsDNA
(Fig. 1). Homologous complexes include D-loops [3,4] (Fig. 1, B and
E), R-loops [5] (Fig. 1, B and D) and ‘‘homologous triplexes” [6]
(Figs. 1C and 2A). Homologous-complex formation with either
ssDNA or ssRNA are generally observed in the cells of all living
organisms. Though dsRNA is found in various cells, intermolecular
homologous-complex formation with dsRNA has not thus far been
reported in vivo. It is intriguing that dsRNA is generated during
RNA interference but processed into ssRNA before the recognition
of the complementary sequence in its target RNAs. RNA interfer-
ence is a cellular system of post transcriptional gene regulation
and repression of transposons (See Ref. [7], an example of review).

Homologous complexes with single-stranded DNA were first
postulated as essential intermediates for homologous (genetic)
recombination (general genetic recombination; homologous DNA
recombination) [3,8,9], and proven to the case by the discovery
that homologous-complex formation is catalyzed by either RecA
[10,11] or Rad51 [12], both of which are encoded by essential
genes for homologous recombination [13,14]. Homologous recom-
bination is a basic genetic function in all living organisms. It is
essential to cell proliferation in vertebrates [15], including humans.
The double-strand structure allows dsDNA to maintain genome
information in duplicate, thus enabling the accurate correction or
repair of replication errors and DNA lesions by using the comple-
mentary strand as a template. When both strands of dsDNA are
broken (double-strand break), homologous recombination facili-
tates precise repair by using dsDNA bearing the homologous
sequence as a template (See Ref. [16]). Homologous recombination
reorganizes genes between genomes inherited from parents, and
thus, increases genetic variation, which increases the efficiency of
natural selection [17]. The mechanism of homologous recombina-
tion has been reviewed numerous times (for example, see Refs.
[16,18]).

Homologous recombination of RNA genomes (RNA viruses) is
rare and depends on a template-switch (or ‘‘copy-choice”) mecha-
nism using ssRNA rather than an RNA version of a homologous-
complex intermediate (See Ref. [19] for review; see also Ref.
[20]). It has been reported that dsRNA is more thermally stable
than dsDNA [21]. This may explain the difference between dsDNA
and dsRNA in terms of their ability to form homologous complexes.
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The absence of any evidence of homologous-complex formation
with dsRNA, even after decades of study, suggests a qualitative
advantage for dsDNA over dsRNA.

Homologous (DNA) complexes with ssRNA (i.e. R-loops) have
been regarded as genome-destabilizing byproducts of transcription
in which the transcripts (RNA) associate with the template DNA
strand [22]. Recent studies have revealed that R-loops play an
important role in cellular function, as described below.

The crucial question related to homologous-complex formation
is how the ssDNA or ssRNA recognizes the complementary
sequence within dsDNA. A naive possibility is that the melting (dis-
ruption of double-strand structure) of the dsDNA is followed by
annealing with homologous ssDNA or ssRNA to form hybrid. Stud-
ies on RecA have revealed that homologous sequences are recog-
nized before the melting of the dsDNA, in the presence of ATP
[23–25]. Unlike the annealing of complementary ssDNA or ssRNA,
all bases in dsDNA that form stable Watson-Crick (W-C) base pairs
are not readily available to recognize sequence complementarity
with ssDNA or ssRNA.

In this minireview, we describe the biological functions of
homologous-complex formation with ssDNA or ssRNA as well as
the biochemical and structural features of homologous-complex
formation with ssDNA or ssRNA by proteins that catalyze forma-
tion. We also discuss the possible molecular mechanisms sug-
gested by molecular-structural analyses and recommend the use
of computational simulation methods to further investigate out-
standing questions.

2. D-loops, R-loops, and homologous triplexes as homologous
(DNA) complexes with ssDNA or ssRNA

2.1. D-loops and R-loops

D-loops and R-loops are typical homologous complexes in
which the replaced strand of dsDNA (Fig. 1A) separates from a
hybrid duplex and forms a loop (Fig. 1, B and E). D-loop formation
by RecA is enhanced by negative (right-hand) supercoil, which all
natural covalently closed circular dsDNA (ccc-dsDNA) isolated
from cells owns [26]. The D-loop or R-loop, formed with ccc-
dsDNA, is stabilized by the relaxation of its negative supercoil
[27]. Under conditions that denature the double helix, ccc-dsDNA
carrying a D-loop or an R-loop in relaxed form is dissociated into
ccc-dsDNA with negative supercoil and free ssDNA or ssRNA. A
D-loop in dsDNA that has a strand break outside the site of the
D-loop is spontaneously dissociated by branch migration induced
by the rotational thermal movement of dsDNA at almost 104 bps/
sec at 37 �C [28].

Topoisomerases change the topological state of ccc-dsDNA and
its homologous complex. However, topoisomerases do not appear
to directly stimulate or inhibit RecA-catalyzed homologous-
complex formation. Topoisomerases are very useful when studying
the mechanism of homologous-complex formation, since untwist-
ing (often expressed by unwinding) and rewinding of the double
helix during D-loop or R-loop formation can be sensitively mea-
sured as topological changes that are quantified by the use of
topoisomerase and ccc-dsDNA (See Refs. [23,29–31]).

2.2. Homologous triplex

The other type of homologous complex is the homologous tri-
plex, which is a type of parallel triplex [32] (Figs. 1C and 2A), in
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Fig. 1. Homologous complex A. Substrates of homologous-complex formation. A
pair of blue arrows represent strands of dsDNA. Vertical gray lines represent W-C
base pairs. Red arrow represents a strand of homologous ssDNA or ssRNA. Arrows
indicate the polarity of the strand (50 to 30). Broken lines flanking the arrows
represent the continuity of the strands. B. D-loop/R-loop. Red arrow represents the
strand derived from ssDNA for a D-loop or the strand derived from ssRNA for an R-
loop. D- or R-loop length in ccc-dsDNA, measured in base pairs, is about 10 times
the number of negative supercoils relaxed by the formation of the D- or R-loop.
When the ssDNA exceeds this length, its terminal region(s) forms a tail(s) (See panel
E). C. Homologous triplex. As in B, the red arrow represents the strand derived from
ssDNA. Broken vertical blue lines represent base-pair-specific hydrogen bonds
stabilizing the replaced strand in the major groove of the hybrid duplex (See
Fig. 2A). D. R-loop formed by Class 1 crRNA-Cas-effector complex (Cascade, etc.).
This R-loop comprises 5 segments, each of which contains a 5 bp region followed by
a broken base pair (short grey vertical bars). PAM and seed regions are indicated. E.
Electron micrograph of D-loops formed from negatively supercoiled ccc-dsDNA and
homologous ssDNA-fragment by RecA. Arrows and arrow heads indicate D-loops
and tails, respectively. This figure is reproduced from Ref. [10] and is copyrighted to
the authors. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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which the replaced DNA strand is held by base-pair-specific hydro-
gen bonds (not by Hoogsteen hydrogen bonds) in the major groove
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of the hybrid W-C duplex that is newly formed between the invad-
ing ssDNA or ssRNA and the complementary strand of the parental
dsDNA (Fig. 1C). The homologous triplex has been shown to be a
homologous complex formed by RecA in vitro between ssDNA
and dsDNA oligomer with hairpin at an end [6]. The homologous
triplex between relaxed ccc-dsDNA with ssDNA has been shown
to be formed by a protein, Mhr1, which is essential to yeast mito-
chondrial homologous recombination [29]. Unlike the case of the
D-loop described above, when the relaxed ccc-dsDNA carrying
the homologous triplex formed by Mhr1 in the presence of a topoi-
somerase is dissociated into ssDNA and dsDNA by high tempera-
tures or alkaline pH after the inactivation of the proteins, the
ccc-dsDNA has been demonstrated to remain relaxed without
detectable topological change [29].

Note that the homologous triplex is different from the products
of triplex formation between ssDNA or ssRNA and dsDNA in the
absence of disruption of the W-C base pairs of the parental dsDNA.
The triplex formed in the absence of disruption of the parental
dsDNA does not contain the hybrid W-C duplex (Fig. 2C). Typical
triplexes are formed between polypyrimidine ssRNA and
polypurine-polypyrimidine dsDNA, with the third polypyrimidine
RNA strand held antiparallel to the polypyrimidine strand of the
dsDNA by Hoogsteen hydrogen bonds in the major groove of the
dsDNA [33] (Fig. 2, D and E). The formation of this type of triplex
has various sequence constraints (See Ref. [34]). Unlike triplex for-
mation without hybrid duplex formation, homologous triplex for-
mation requires two parallel strands with an almost identical
sequence, and accepts various base-sequences (Figs. 1C and 2A).

3. Proteins that catalyze homologous-complex formation with
ssDNA and their biological function

3.1. D-loop formation by RecA/Rad51-family homologous-pairing
proteins in homologous recombination

The RecA homologous-pairing protein (RecA protein, RecA) is
the prototype of the RecA/Rad51-family homologous-pairing pro-
teins that catalyze D-loop formation from dsDNA and homologous
ssDNA in vitro in an ATP-dependent mode [10,11]. RecA/Rad51-
family proteins include eubacterial RecA, eukaryotic orthologue
Rad51 [35], archaeal RadA [36], and Dmc1 [37]. Dmc1 is the
meiosis-specific paralogue of Rad51 that is essential to reductive
segregation in meiosis for gamete formation in sexual reproduc-
tion of eukaryotes.

Homologous-complex formation by RecA/Rad51/Dmc1/RadA
consists of two steps: homologous pairing and branch migration
[38]. Homologous pairing is a quick (within a second at 37 �C) reac-
tion that forms the core of the homologous complex, a roughly
15 bp hybrid duplex [39,40]. Homologous pairing requires ATP
but does not require its hydrolysis. Branch migration is an ATP-
hydrolysis-dependent slow reaction that elongates the hybrid
duplex unidirectionally by thousands of bps at the rate of approx-
imately 4 bps per second (at 37 �C) [38]. The RecA-family proteins
form a right-handed helical filament around ssDNA or dsDNA
[30,41,42] (Fig. 3, A and B). Homologous pairing does not require
filament formation, but branch migration depends on it [43].

It is intriguing to note that the three-dimensional (3D) structure
of RecA/Rad51/Dmc1/RadA’s core domain is almost identical to
that of the DNA helicase domain of T7 replicative helicase-
primase [44] and is also very similar to that of the DNA helicases
of the same group [45]. DNA helicases are enzymes that melt
dsDNA into complementary ssDNAs in an ATP-hydrolysis-
dependent mode.

In eukaryotic cells, dsDNA is folded into chromatins, wherein it
wraps around histone octamers and forms a beads-on-a-string
structure [46]. Nucleosomes on the dsDNA prevent D-loop forma-



Fig. 2. Triplexes. A. Crystal structure of a parallel DNA triplex at G�GC [32]. This parallel triplex is included in the homologous triplex formed between the invading ssDNA
(pink; red strand in Fig. 1C) and the parental homologous dsDNA (sky blue; blue strand in Fig. 1C). This panel is an example of base parings in the triplex. All combinations of
C�CG, A�AT and T�TA in addition to G�GC exists in the homologous triplex. Note that the pink strand forms a hybrid W-C duplex with the complementary strand of the parental
dsDNA (sky blue), and has the same polarity and sequence as the replaced strand of the parental dsDNA (sky blue) during homologous-triplex formation (See Fig. 1C). B.
Crystal structure of an antiparallel DNA triplex at G�GC [32]. The top strand with G (pink) and the strand with G of the parental dsDNA (sky blue) are antiparallel and paired
with Hoogsteen hydrogen bonds. C. Antiparallel triplex formed from polypyrimidine ssRNA and polypurine-polypyrimidine W-C dsDNA without disruption of the double-
strand structure. D. Antiparallel triplex at U in ssRNA (pink) paired with the A:T bp in dsDNA (sky blue). E. Antiparallel triplex at C in ssRNA (pink) paired with the GC W-C
base pair in dsDNA (sky blue). The polypyrimidine RNA strand is parallel to the polypurine DNA strand and is antiparallel to the polypyrimidine DNA strand. Thus, this type of
triplex cannot form between the transcript and the template dsDNA (See Ref. [34]). Panels A and B were generated from PDB 272D [32], and panels D and E are from PDB 1R3X
[102]. All the figures of the structures in this article were prepared with PyMOL (PyMOL Molecular Graphics System, Schrödinger, LLC). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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tion by Rad51, but Dmc1 forms D-loops preferentially in the
nucleosome-depleted regions [47]. Rad54, a protein that interacts
with Rad51 and is required for homologous recombination, stimu-
lates remodeling of the chromatin structure to enable Rad51 to
form D-loops [48]. A histone chaperone, Nap1, interacts with
3353
Rad54 and stimulates Rad54-mediated eviction of the linker his-
tone H1, further stimulating D-loop formation by Rad51-Rad54
in dsDNA in higher-ordered chromatin with the linker histone H1
[49]. Thus, even in the cell, D-loop formation occurs at
nucleosome-free regions of dsDNA.
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3.2. Homologous complex formation by ATP-independent homologous-
pairing proteins

Homologous triplexes have been identified as in vitro products
formed in the absence of ATP by budding yeast mitochondrial pro-
3

3354
tein Mhr1. MHR1 is an essential gene for homologous recombina-
tion, DNA replication, and DNA partitioning (segregation) into
daughter cells in budding yeast mitochondria, which lack the
RecA/Rad51 orthologue. In budding yeast, mitochondrial DNA is
replicated through a rolling-circle mode initiated at the homolo-
gous complex formed by Mhr1 (See Ref. [50] for review, [51]).

Although major homologous recombination of genomic DNA
strictly requires either RecA [13] or Rad51 [14], homologous
recombination of plasmid DNA and homologous recombination
of inverted repeats are detected even in the absence of active RecA
and Rad51. These minor recombination events are promoted by
eubacterial RecT and eukaryotic Rad52 in vivo. RecT and Rad52 cat-
alyze homologous-complex formation in the absence of ATP
in vitro [52,53]. RecT and Rad52 belong to the same structural fam-
ily of proteins [54], but Mhr1 belongs to a structurally distinct
group and has a 3D structure similar to that of RecA/Rad51 [55].

3.3. TRF2 (telomere-repeat-binding factor 2) for telomere-loop
formation

A telomere loop is a large lariat-like dsDNA loop of variable size
(several to dozens of kbps in human cultured cells) that forms at
the ends of chromosomes called telomeres. Telomere loops protect
the chromosomal termini. For example, in humans, telomeres are
thousands of repeats of the 50-TTAGGG-30/30-AATCCC-50 sequence.
In the telomere loop, the 30 ssDNA tail of the repeats invades an
inner repeat to form a homologous complex [56]. TRF1 and TRF2
are major telomere-binding proteins that recognize the telomere-
repeat sequence. In vivo, TRF2 is required for telomere-loop forma-
tion, but TRF1 is not [57]. In vitro, TRF2, but not TRF1, promotes
telomere-loop formation of dsDNA with ssDNA (both of which
have telomere repeat sequences) in an ATP-independent mode
[31,56,58]. Note that the negative supercoils and telomere
sequences in substrate dsDNA stimulate spontaneous formation
in the absence of protein, resulting in a high background of
TRF2-promoted formation in vitro [31].
4. Homologous complex formation with ssRNA

4.1. In vivo R-loop formation in trans

Various tools are available for analyzing R-loops in an entire
genome at a single-base resolution. For example, DNA-RNA hybrid
immunoprecipitation (RDIP or DRIP) coupled with high-
throughput sequencing is an effective tool. The combination of
RDIP and strand-specific sequencing of complementary DNA
(RDIP-seq), or single-strand DNA ligation-based library construc-
tion after DRIP combined with next generation sequencing
(ssDRIP-seq), enables us to locate strand-specific R-loops in an
entire genome ([59] and see Ref. [60]). The presence of DNA-RNA
Fig. 3. Crystal structure of active RecA-DNA filament. These panels show the 5 RecA
protomers of 6 protomers per a turn of an elongated (i.e., active) RecA spiral
filament containing dsDNA, which is likely to represent the hybrid duplex after D-
loop formation [42] (PDB: 3CMX). The 3D structures of the RecA filament and the
ssDNA in the RecA-ssDNA complex are almost identical to those of the RecA-
filament and the red strand of the dsDNA in the RecA-dsDNA complex, respectively
[42]. The blue strand is another strand of the dsDNA. After homologous-complex
formation, the blue strand represents a strand of dsDNA paired with invading
ssDNA in the hybrid duplex. A. Side view from the inside of the spiral filament. Basic
amino acid residues consisting of gateway are colored green. B. Close-up of base
triplets and L2 loops of which top is colored in magenta. C. ATP (analogue)
molecules bound between two adjacent RecA protomers. Non-hydrolysable ATP
analogues and Mg2+ ions are shown in orange. L1 and L2 loops are shown in cyan
and purple, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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hybrid duplexes is confirmed by sensitivity to RNase H, which
specifically degrades RNA in DNA-RNA hybrid duplexes [61]. Stud-
ies using these new tools have shown that R-loops are abundant in
the genomes of human [59] and plant (See Ref. [60]) cells, and have
revealed that R-loops, rather than acting as lesions to destabilize
genomes, are involved in gene regulation for various genetic and
developmental functions. Most R-loops are thought to be formed
co-transcriptionally (in association with transcription; see Ref.
[62] for review), but it has recently been shown that some
R-loops are formed independent of transcription. This type of
R-loop formation is called R-loop formation in trans [59].

Studies on a long non-coding RNA (lncRNA) called APOLO
(AUXIN-REGULATED PROMOTER LOOP) in Arabidopsis thaliana
have shown that this lncRNA forms R-loops in trans at multiple
distant-target genetic loci for lateral root development [63]. Seek-
ing a second, independent approach to obtain experimental sup-
port, the authors of this study introduced, in addition to DRIP, a
new DRIP-independent protocol called RNA isolation by DNA
purification (RIDP), which uses biotinylated DNA probes to isolate
the DNA of specified loci. APOLO-lncRNA transcription is activated
by a phytohormone, auxin, during lateral root development.
APOLO-lncRNA-mediated R-loop formation modulates chromatin
loops at the target loci (at least 200 loci). R-loop formation at each
target locus occurs at a pair of target sequences that are distant on
the DNA but in close proximity via the chromatin loop, resulting in
decrease of LHP1 (plant Polycomb Repressive Complex 1 compo-
nent), decrease in repressive mark (histone methylation
[H3K27me3]), opening of the chromatin loop, and activation of
transcription at the target locus. The invasion of the target site
by APOLO lncRNA can thus coordinate the transcription of spatially
non-associated auxin-responsive genes [63]. APOLO lncRNA forms
R-loops at regions containing a consensus sequence, GAAGAA(G/
C), which is required for R-loop formation [63]. At present, it is
not known which protein catalyzes R-loop formation with APOLO
lncRNA.

4.2. R-loop formation by the crRNA-Cas-effector complex in CRISPR-
Cas immune systems

CRISPR (clusters of regularly interspaced short palindromic
repeats)-Cas (CRISPR-associated) systems are adaptive immune
systems that act against invading viruses and plasmids found in
prokaryotes and archaea. When DNA viruses and plasmids invade
the cell, their DNA is processed into short DNA sequences, which
are integrated in the form of spacer sequences in the CRISPR loci
as a memory of the infection. crRNA (CRISPR RNA) is a processed
transcript of CRISPR (for example, 61 nucleotides for Escherichia
coli) that binds to Cas protein(s) to form a crRNA-Cas-effector com-
plex in which the crRNA works as a guide RNA that recruits the
effector complex to the homologous sequence (called a ‘‘proto-
spacer”) of its target dsDNA by forming an R-loop. This R-loop for-
mation results in the degradation of the foreign DNA. Two crRNA-
Cas-effector complexes that have been extensively studied are:
Cascade (a CRISPR-associated complex for antiviral defense) in
E. coli and other eubacteria (Class 1, a multi-effector protein com-
plex) and the effector complexes of Cas9 (Class 2, a single effector
protein), which is used in gene-editing technology. The details and
classification of CRISPR-Cas systems have been reviewed multiple
times [64–66].

crRNA-Cas-effector complexes (containing guide RNA) first rec-
ognize a PAM (protospacer adjacent motif) sequence in target DNA
by protein-DNA interaction that does not involve guide RNA. R-
loops are then formed to complete target recognition, wherein
the spacer sequence of the guide RNA and the complementary
sequence (target strand) of the protospacer sequence form a hybrid
duplex. PAM comprises a 2 to 3 bp sequence adjacent to either the
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50 end (Cascade, Fig. 1D) or the 30 end (Cas9) of the non-target
strand of the protospacer in the target dsDNA. This R-loop forma-
tion induces the cleavage of the target DNA.
5. Mechanisms of homologous-complex formation with ssDNA/
ssRNA

5.1. RecA/Rad51-family ATP-dependent homologous-pairing proteins

RecA/Rad51-family proteins share, with a minor difference, a
common mechanism for D-loop formation. Most research on the
reaction steps of D-loop formation has focused on RecA. In D-
loop formation, RecA first binds to ssDNA, even in the presence
of dsDNA [67,68], then forms a right-handed spiral filament around
the DNA at a rate of 6 RecA protomers per turn [42] (Fig. 3, A and
B). In the presence of ATP or of a nonhydrolyzable ATP analogue,
ssDNA in the filament is extended 1.5 fold longer than B-form
dsDNA with the same base sequence (active filament [69]). The
3D structure of the RecA/Rad51-DNA active filaments in the pres-
ence of a nonhydrolyzable ATP-analogue has been determined by
X-ray crystallography [42] (Fig. 3, A and B) and by high-
resolution cryo-electron microscopy [70,71]. The active RecA-
ssDNA filament (extended filament [42,69]) structure shows that
ssDNA binds to the primary DNA-binding site that contains the
folded L1 and L2 loop regions (Fig. 3C). The L1 and L2 loops are dis-
ordered in the inactive RecA-filament (in the absence of DNA and
the ATP analogue [72]). In the active RecA/Rad51-DNA complex,
the extension of ssDNA is not uniform. The RecA protomer binds
stoichiometrically to the ssDNA, with one protomer to three
nucleotides, and pairs of folded L2 loops of all adjacent RecA pro-
tomers sandwich 3 nucleotides (nucleotide triplet) of DNA
(Fig. 3C), in which the base distance is slightly larger than that of
B-form DNA (3.83 to 4.66 Å vs. 3.5 Å). The base distance between
triplets is further extended (7.8 Å) by the L2 loop (Fig. 3C). Cryo-
electron microscopic observation has revealed the similar struc-
ture of the ssDNA and the L2 loop in the active Rad51-ssDNA fila-
ment [70].

By binding to ssDNA in the presence of ATP or a nonhydrolyz-
able ATP-analogue, RecA is activated for sequence-independent
binding to dsDNA [67]. The RecA-ssDNA filament then slides along
the dsDNA [39] to search for a homologous sequence between the
ssDNA in the RecA-filament and the dsDNA. Once a homologous
sequence is found, a homologous complex-core (nascent homolo-
gous complex) is formed [67], without ATP-hydrolysis [38]. The
binding sites of ATP are located between the adjacent RecA pro-
tomers, and ATP-binding to the RecA-ssDNA filament modulates
the spatial configuration of the adjacent RecA protomer. This spa-
tial configuration change results in the extension of the filament
associated with the extension of the bound ssDNA (compare [42]
with [72]) as well as the activation of the dsDNA binding to the fil-
ament. The binding surface of dsDNA, consisting of several amino-
acid residues (called the gateway), is located on the C-terminal
domain of RecA and at the boundaries between adjacent RecA pro-
tomers on the extended RecA filament ([73], and refs. cited)
(Fig. 3).

The smallest detectable homologous complex formed by RecA/
Rad51 contains a 6–8 bp hybrid duplex [40,74,75], and the smallest
stable homologous complex contains a 15 bp hybrid duplex [40].
Alongside the nucleotide triplets in the RecA/Rad51-ssDNA fila-
ment, the hybrid duplex is elongated from 6 - 8 bps to 15 bps in
3 bp increments, in the absence of ATP-hydrolysis [39,40].

The nascent homologous complex could be a homologous tri-
plex [6] (See 2.2). The hybrid duplex in the nascent complex is
spontaneously elongated in association with D-loop growth by
the rotational stress generated by the negative supercoils of the
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substrate ccc-dsDNA (See Refs. [43,76]), or by an ATP-hydrolysis-
dependent function of RecA [77].

The gateway leads the bound dsDNA to the L2 loop (Fig. 3, B and
C), where the dsDNA encounters ssDNA in the RecA filament.
Homologous-sequence recognition between dsDNA and ssDNA
then takes place in the vicinity of the L2 loop. A recent study
revealed that the active unit for ATP-dependent homologous pair-
ing is a pair of adjacent RecA protomers and that filament forma-
tion is not essential to this process [43]. ATP-hydrolysis-
dependent branch migration depends on filament formation (See
Ref. [78] for review).

5.2. Role of RecA/Rad51 in homologous complex formation

The primary model for homologous-sequence recognition is the
melting of dsDNA at the gateway to make the dsDNA bases avail-
able to form W-C base pairs with ssDNA. Melting induces untwist-
ing of the double helix. Several studies have described the ssDNA
and ATP or ATP-analogue-dependent untwisting of dsDNA by RecA
under conditions for homologous-complex formation. Untwisting
of dsDNA bound to RecA-heterologous ssDNA filament had been
observed in the presence of an nonhydrolyzable analogue, support-
ing this melting-before-annealing model [79], but the later studies
in the presence of ATP revealed that the untwisting of dsDNA
bound to RecA-ssDNA filaments requires homology between
dsDNA and the ssDNA in the RecA-filaments [23,25], supporting
homologous-sequence recognition in the absence of the melting
of dsDNA. Since RecA, ssDNA, and dsDNA form a huge network of
molecules with an irregular shape under these conditions [80],
the individual RecA-DNA filaments had not been identified by
either electron microscopy or crystallographic analysis.

Although the initial binding takes a longer time [81] by using
the gateway [82], RecA can bind to dsDNA in the absence of ssDNA
(in the presence of ATP). Electron micrographs taken under condi-
tions for dsDNA-untwisting in the absence of ssDNA by RecA show
well-ordered filaments [30,41]. The crystal structure of RecA-
dsDNA filament formed in the presence of an ATP-analogue is
almost identical to that of active RecA-ssDNA filament, and dsDNA
bound at the center of RecA-dsDNA filaments at the primary DNA-
binding sites is untwisted but conserves base pairing. No base pair
is disrupted in the filament [42]. Note that the dsDNA untwisting
so far observed does not require ATP-hydrolysis, and it is induced
by binding to the primary DNA-binding site in the extended RecA-
filament induced by ATP-binding.

The features of dsDNA bound to the gateway or RecA-ssDNA
spiral filament had not been revealed until recently. Yang et al.
solved by use of cryo-electron microscope, high resolution 3D
structures of active RecA-ssDNA filaments consisting of nine pro-
tomers and dsDNA bound to gateway [83]. They analyzed the com-
plexes formed by the RecA-ssDNA and heterologous dsDNA and by
RecA-ssDNA and homologous dsDNA. Based on these structures,
the authors proposed a mechanistic model for D-loop formation:
dsDNA bound to the gateways of the RecA-ssDNA spiral filament
encounters an L2 loop, and this interaction causes the local melting
of the double helix (up to 15 bps or more), followed by annealing
with the ssDNA at the center [83]. This model appears to be well
supported by various 3D structures revealed by their analysis,
but does not explain why DNA, but not RNA, can form homologous
complex with ssDNA or ssRNA. Note that Yang collected the cryo-
electron microscopic images in the presence of a nonhydrolyzable
ATP-analogue, the condition where the untwist of dsDNA by RecA
bound to heterologous ssDNA had been observed [79] (For discus-
sion, see above and below).

The sole model that explains why only DNA can form homolo-
gous complexes was proposed based on the unique Nuclear Mag-
netic Resonance (NMR) 3D structure of ssDNA oligomers bound to
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homologous-complex-forming proteins. TheNMRanalysis (transfer
NOE) has revealed the unique, ATP-analogue-dependent 3D struc-
ture of extended ssDNA oligomers induced by transient binding to
RecA/Rad51 (Fig. 4A). In this structure, the distance between adja-
cent bases is extended 1.5 fold of B-form DNA (Fig. 4B). B-form
DNA is stabilized by stacking between adjacent bases. Instead of
base-stacking, the extended ssDNA structure is stabilized by CH-p
(CH-pi) interaction, an attractive molecular force [84], between
the CH2 moiety at the 20 position on the deoxyribose and the base
of the following nucleotide [85,86] (Fig. 4A). A similar extended
ssDNA structure was induced also by all tested proteins (RecT,
Mhr1, and RecO) that catalyze homologous-complex formation
between dsDNA and ssDNA in an ATP-independent fashion [87].
Thus, the extended DNA structure stabilized by CH-p interaction is
a general intermediate of the homologous-complex formation of
dsDNA and ssDNA. Considering the variation in the 3D structure of
homologous-complex forming proteins, the DNA structure stabi-
lized by CH-p interaction in the general intermediate suggests that
the homologous complex formation is an intrinsic DNA function
rather than a function of specific proteins [87,88].

Models of extended dsDNA stabilized by CH-p interaction were
constructed [86]. In normal dsDNA, base pairs randomly opens and
the mean lifetime of W-C base pairs at 35 �C is in the range of mil-
liseconds [89]. In the extended dsDNA, dsDNA bases in base pairs
opened can be flipped out spontaneously by the interconversion
of sugar puckers, and can thus interact with the bases of nearby
ssDNA. This interaction explains the mechanism for homologous-
sequence recognition between dsDNA and ssDNA without the
melting of the double helix [86,88] (Fig. 4C). The CH-p interaction
between a sugar and a base is unique to DNA and does not exist in
RNA, and thus, the interaction explains the unique ability of dsDNA
to form homologous complexes. In Fig. 4C, both strands of dsDNA
are assumed to be elongated, but when the CH-p interaction occurs
in one of the two strands, it results in DNA bending [90]. Thus, this
model works with bent dsDNA. Lipfert el al. found that the charac-
teristic transition rate of RNA during plectonemic buckling is two
orders of magnitude slower than that of dsDNA [91]. This finding
suggests that dsDNA has a high enough flexibility to allow sharp
local bending of dsDNA (on a scale of approximately 5 nm in
length). The two orders of magnitude difference between dsDNA
and dsRNA also explain the absence of homologous-complex for-
mation by dsRNA. The cryo-electron microscopic study published
by Yang shows a 3D structure that appears RecA-ssDNA filament
that forms complex with a heterologous bent dsDNA [83].

The absence of active melting of dsDNA by RecA in nascent
homologous-complex formation is supported by kinetic analysis
of homologous-complex formation by RecA [92]. Using oligo DNA
labeled with fluorescent dyes, Xiao et al found that nascent
homologous-complex formation from dsDNA and extended ssDNA
on an active RecA-ssDNA filament was driven entropically rather
than enthalpically [92]. Their results support the conclusion that
RecA-catalyzed homologous-complex formation relies on dynamic
intrinsic DNA functions [88,92].

5.3. Uncatalyzed homologous-complex formation

A recent magnetic-tweezers experiment revealed that the
mechanical stretching of ssDNA induces homologous-triplex for-
mation with homologous dsDNA, not with heterologous dsDNA,
at room temperature in the absence of any protein. The ssDNA in
the homologous complex was shown to be sensitive to a dsDNA-
specific endonuclease, indicating that ssDNA forms a hybrid duplex
with the complementary strand of dsDNA [93]. This finding shows
that the active melting of dsDNA is not required for homologous-
complex formation, and supports a view that homologous complex
formation is an intrinsic DNA function.



Fig. 4. Extended DNA structure induced by binding to RecA/Rad51 (ATP-depen-
dent) and ATP-independent homologous-pairing proteins, and a model for homol-
ogy recognition by RecA/Rad51. A. Stereo view of extended ssDNA structure
stabilized by CH-p interaction, an attractive molecular force [84], upon binding to
RecA and Rad51 in the presence of an ATP-analogue [85,86] and to ATP-
independent homologous-pairing proteins [87]. Van der Waals spheres of a 20-
methylene moiety in a 50 side residue (thymine) and of the base in the 30 side
residue (adenine) are indicated, and the contact of these surfaces represent CH-p
interaction. B. Side views of extended DNA by binding to RecA (left) and B-form
DNA (right) for a comparison. Van der Waals spheres of adjacent residues are
indicated. In the extended DNA (left), in stead of base-base stacking, CH-p
interaction stabilizes the distance between the planes of the adjacent bases (or
axial rise per base) at nearly 5 Å, approximately 1.5 fold larger than that (3.5 Å) of B-
form DNA (right), in which the structure is stabilized by base-base stacking. C.
Model for homology search and W-C base-pairing between dsDNA extended by CH-
p interaction and ssDNA (extended by binding to RecA). The 2Dmodel (on the right)
is the view from the bottom of the 3D model (on the left). Bases of dsDNA (dark and
light blue, bottom) are randomly flipped out by the interconversion of sugar
puckers from the C30 endo to the C20 endo (middle). An ssDNA (red) approaches the
minor groove of the dsDNA (bottom). Only if the flipped base (dark blue) is
complementary to the base of the ssDNA, the base-pair switch occurs (top) and the
replace base (light blue) is in the major groove of the hybrid base pair that is newly
formed. When this base-pair switch takes place between complementary sequences
of dsDNA and ssDNA, homologous recognition and homologous-complex-core
formation are accomplished simultaneously, and the replaced strand is left in the
major groove of the newly formed hybrid duplex (See Fig. 2A). Panels A and B were
reproduced with minor modification from Ref. [85], with permission (Copyright
1997, National Academy of Sciences, U.S.A.). Panel C is the reproduction of the Fig. 4
in Ref. [86], with permission (Copyright 1998, National Academy of Sciences, U.S.A.),
generated using the coordinates of PDB code 1I1V (Model Archive DOI: https://doi.
org//10.2210/pdb1I1V/pdb [86]). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Regarding the uncatalyzed homologous-triplex formation by
mechanically stretched ssDNA and dsDNA described above [93],
we can speculate that RecA/Rad51 plays a critical role in
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homologous-complex formation via the extension of ssDNA and
the holding of dsDNA at a location suitable for homology-search
interaction with the extended ssDNA. The homologous sequence
in the extended ssDNA may be recognized by dsDNA through
base-flipping enabled by transient CH-p interaction-dependent
dsDNA extension [86,88] and/or bending [90].
5.4. Role played by the crRNA-Cas-effector complex in R-loop
formation

Single-molecule analysis using rotor-bead tracking (RBT) or an
equivalent technique has shown that R-loops are formed within
100 ms by Cas9 [94]. R-loop formation by Cascade is faster than
by Cas9, and the R-loops formed by Cascade are more stable than
those formed by Cas9 [95]. R-loop formation involves transient dis-
crete intermediates, including initial DNA-RNA hybridization
within the seed region (11 bps; Figs. 1D and 5A) of the protospacer
sequence adjacent to the PAM sequence of the target DNA [94].

The need for high-resolution imaging of the 3D structures of
crRNA-Cas-effector complexes with or without target dsDNA has
been met by X-ray crystallography (Cascade [Class 1, Type I]
[96,97], RNA-silencing Cmr complex [Class 1, Type III] [98]),
cryo-electron microscopy (Cascade [99,100]), and by both tech-
niques together (Cas9 [Class 2, Type II] [101]). These techniques
all reveal differences in R-loop structure between class 1 (Cascade
and RNA-silencing Cmr complex) crRNA-Cas-effector complexes
and class 2 (Cas9) crRNA-Cas-effector complexes, as well as com-
mon unique 3D structures that point to the recognition mechanism
of the protospacer sequence in the target dsDNA.

The 3 bp PAM sequence of target DNA is recognized by interac-
tion with a subunit of Cascade. The PAM-adjacent protospacer
region of the dsDNA is then bent approximately 90� and the two
strands are separated. At this point, a wedge is inserted to disrupt
the first base pair and to help flip out the first several bases from
both DNA strands [99,100] (Fig. 5A). Thus, PAM recognition leads
to the bending of dsDNA, resulting in the spontaneous melting of
the dsDNA, which is captured by the crRNA to form the seed bub-
ble. The seed bubble is elongated along a crRNA guide in 6 base
increments to form a full R-loop [97,99].

In the R-loops formed by the Class 1 Cas-effector complex (Cas-
cade and RNA silencing Cmr complex), the crRNA hybrid duplex
and the target strand of the protospacer region of the target DNA
are not a canonical double helix, but rather an extensively
untwisted ladder-like structure. The R-loop consists of 5 segments,
each including a 5 bp region followed by a disrupted base pair
[97,99,100] (Figs. 1D and 5A). Every sixth unpaired nucleotide of
crRNA binds tightly to one of the 6 well-organized Cas7 protein
subunits of the cascade along the crRNA [96]. The unfolded crRNA
structure is not changed before or after R-loop formation [100].

Upon recognition of a PAM sequence in dsDNA, Cas9 (Class 2,
Type II) also bends dsDNA, providing enough stress to melt the
dsDNA and stimulate R-loop formation with crRNA, though the
bend is only about 30� [99,101] (Fig. 5B). Cas9 has no wedge struc-
ture, showing that the wedge found in Cascade is not a general
structure required to melt dsDNA. In dsDNA bound to Cas9, the
non-target strand of the protospacer dsDNA adjacent to a PAM
sequence is held separate from the crRNA by extensive interaction
with the protein [101] (Fig. 5B). The R-loop formed by Cas9 is a
continuous 20 bp A-form DNA-RNA-hybrid duplex [101], in con-
trast to the segmented ladder-like structure formed by Cascade.
6. Summary and perspectives

It has been suggested as described above that, in R-loop forma-
tion by crRNA-Cas-effector complexes, proteins plays an active role



Fig. 5. Molecular structure of R-loop formation by crRNA-Cas-effector complexes.
crRNA, target DNA strand and non-target DNA strand are shown in red, dark blue
and light blue, respectively. A. Cryo-electron microscopic 3D structures of crRNA
Cascade (Class 1) that contains a full R-loop formed between the crRNA and target
dsDNA (PDB code 5U0A [99]). The wedge inserted at the point of strand separation
of parental dsDNA is represented by magenta spheres. B. Crystal structure of crRNA
Cas9 (Class 2) complex that contains an R-loop of the crRNA and target dsDNA (PDB
code 5F9R [101]). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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in dsDNA melting in the seed region for hybrid-duplex formation
with crRNA.

In homologous-complex formation by RecA, on the other hand,
the interaction between DNA and the protein is crucial for the
extension of ssDNA. D-loop formation by the extended RecA-
ssDNA filament and dsDNA is entropy-driven rather than
enthalpy-driven, suggesting that homology recognition occurs
without melting of the double helix by RecA activity [92], as is
the case with uncatalyzed homologous-complex formation of
dsDNA and mechanically stretched ssDNA [93]. Thus, once the
ssDNA is sufficiently extended by RecA, spontaneous interaction
with the dsDNA transiently and weakly captured by the protein
is sufficient to initiate hybrid-duplex formation. Local bending of
dsDNA upon encountering ssDNA could contribute to the initiation
of hybrid-duplex formation. The model contains CH-p interaction
between deoxy-sugar and base (Fig. 4) explains homologous-
complex formation in the absence of preceding dsDNA melting
and the DNA-specific ability of homologous-complex formation.
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This raises the intriguing question of whether recognition of
homologous sequence between ssDNA/ssRNA and dsDNA without
the preceding melting of dsDNA double helix is a general principle
for homologous complex formation. This possibility has not been
excluded as a mechanism for R-loop formation by crRNA-Cas-
effector complexes.

Currently available analytical techniques are not sufficient to test
and evaluate the various hypotheses for homology recognition and
homologous-complex formation between ssDNA and dsDNA before
themelting of the double helix. Such hypotheses include the contri-
bution of base-flipping by bending and/or by transient extension of
dsDNA, the role played by CH-p interaction, and the contribution of
RecA/Rad51. Current techniques are limited to X-ray crystallogra-
phy, high resolution cryo-electron microscopy, NMR analyses and
single molecule analysis, and these techniques do not have suffi-
cient time- or spatial-resolution, or direct information about the
order of events and time elapsed in a reaction sequence. On the
other hand,molecular dynamic simulation by computationalmeans
has enormous potential as a more effective way to evaluate these
hypotheses. It should be possible to simulate homology recognition
on a larger time scale, since the rate of spontaneous base-flipping
depends on the rate of thermalW-C base pair opening and themean
lifetime of W-C base pairs at 35 �C is in the range of milliseconds
[89]. This will require significant development in the field of com-
puter simulation well beyond existing methods.
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