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Abstract

Most everyday processes in life involve a necessity for an entity to locate
its target. On a cellular level, many proteins have to find their target to
perform their function. From gene-expression regulation to DNA repair to
host defense, numerous nucleic acid-interacting proteins use distinct tar-
get search mechanisms. Several proteins achieve that with the help of short
RNA strands known as guides. This review focuses on single-molecule ad-
vances studying the target search and recognition mechanism of Argonaute
and CRISPR (clustered regularly interspaced short palindromic repeats) sys-
tems. We discuss different steps involved in search and recognition, from the
initial complex prearrangement into the target-search competent state to the
final proofreading steps. We focus on target search mechanisms that range
from weak interactions, to one- and three-dimensional diffusion, to con-
formational proofreading. We compare the mechanisms of Argonaute and
CRISPR with a well-studied target search system, RecA.
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1. INTRODUCTION

Targetsearch—from how we use it for various sports and mundane everyday tasks to how predators
do to locate their prey—is an essential part of the world surrounding us. In the context of a living
organism, an example of the necessity to find a target is the human immune response where
the well-being of a person depends on white blood cells finding and destroying their targets. In
cells, a well-known example is regulation of gene expression that is accomplished through the
sequence-specific binding of transcription factors to DNA activating or inhibiting transcription.
Gene expression is also regulated by nucleic acid-guided target search (Figure 1).

1.1. Target Search

In this review, we focus on RNA-guided target search.

1.1.1. Small regulatory RNA and DNA. A revolutionary discovery of small noncoding RNAs
opened up a new perspective of RINA regulation of gene expression (33). For example, microRNA
(miRNA) molecules play a role in translation inhibition and subsequent degradation of messenger
RINA molecules in eukaryotes. Small interfering RNA (siRNA) molecules have a similar length to
miRNA, but their full complementarity with their targets leads to direct cleavage of the messen-
ger RNA (mRNA). Both miRNA and siRINA associate with proteins belonging to the Argonaute
family. These small RNA molecules guide eukaryotic Argonaute to the target site, where recog-
nition occurs via Watson-Crick base pairing between guide and target (Figure 1) (Table 1). In
prokaryotes, small regulatory RNA and DNA molecules not only can regulate gene expression
but also can act as a defense mechanism against invading phage genomes and plasmids (Table 1).
For example, some prokaryotic Argonaute proteins associate with DNA guides to find and destroy
complementary DNA target sequences (108).
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Figure 1

Schematic of different guide molecules and the nucleic acids they can target. Abbreviations: dsSDNA, double-stranded DNA; ssDNA,
single-stranded DNA.

Another famous example is the CRISPR (clustered regularly interspaced short palindromic
repeats) adaptive prokaryotic immune system where CRISPR-associated (Cas) proteins assemble
with guide RNAs to find and destroy invaders by cleaving DNA or RNA target sites complementary
to the guide. CRISPR immunity consists of multiple stages. Ensuing an infection by mobile genetic
elements, short fragments of the invader’s DNA are integrated into the CRISPR locus in the host
genome as short spacers (6, 11). This first stage of CRISPR immunity is known as the adaptation
stage. During this stage, a genetic memory is created that is later used to destroy the invader
upon reinfection (11). In the second stage of immunity, transcription of the CRISPR locus and
further maturation of the transcript produce short CRISPR RNAs (crRNAs) (21). These crRINAs
associate with Cas proteins and destroy the returning invader upon recognition of the protospacer
(target) sequence in the third stage, known as the interference stage.

1.1.2. DNA recombination. The target search mechanism based on target-guide pairing is best
studied in the RecA/Rad51-mediated homologous recombination process because of the mech-
anistic information available from two decades of biochemical, structural, and single-molecule
studies (15). When double-strand breakage occurs, the damaged DNA should be aligned to its
homology for strand exchange reaction to retrieve the lost genetic information (65). The broken
end is first coated with RecA in bacteria and with Rad51 in eukaryotes, forming a long, rigid
nucleoprotein complex that serves as a homology search and strand exchange machinery. The
RecA/Rad51 filament should find the exact matching sequence by scanning the entire genome,
which is a tremendous job and should therefore exploit various target search mechanisms. While
the focus of this review is RNA-guided target search and recognition, comparison to the well-
characterized RecA/Rad51-mediated target search process provides deeper insight into the mech-
anistic understanding of target search.

1.1.3. Different search modes. Target search is intrinsically a complex process that involves
weak interactions and protein conformational changes. Proteins searching for their target have
to diffuse through cytosol in three-dimensional (3D) fashion before encountering a DNA/RNA
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Table 1

Small regulatory RNA and DNA systems

Guide RNA DNA
DNA (cotran-
Target RNA DNA scriptional) DNA RNA
eAgo/ Gene silencing by - Heterochromatin | — -
PIWI miRNA (68, 91) formation by
and piRINA (9, 38) siRNA (111)
RNA interference Genome
by siRNA (33) rearrangement
by scnRINA (80)
pAgo - DNA interference by - DNA interference by RNA
diRNA (29, 59, 84) siDNA (108) interference by
siDNA (107)
CRISPR | Casl3a | Gene Cascade/| DNAinter- | — - -
(C2c2)| silencing Cas9/ ference by
by crRNA Casl2a | crRNA of
of type VI (Cpfl) type I (11,
1,30) 21,77),11
(53, 95),
and
V (117)
Other Hfq Gene - - RecA/ | Recombination? —
systems regulation Rad51 | (15)
by sSRNA
(106, 110)

A process does not involve small DNA. This system is covered in this review to discuss previous single-molecule biophysics work on RecA-mediated

target search.

Abbreviations: Cas9, CRISPR-associated protein 9; Cpfl, CRISPR-associated endonuclease in Prevotella and Francisella 1; CRISPR, clustered regularly
interspaced short palindromic repeats; crRINA, CRISPR RNA; diRNA, DNA-interacting RNA; eAgo, eukaryotic Argonaute; miRINA, microRINA; pAgo,
prokaryotic Argonaute; piRINA, Piwi-interacting RNA; PIWI, P-element induced wimpy testis; scnRNA, scan RNA; siDNA, small-interfering DNA;
siRNA, small interfering RNA; sSRNA, small regulatory RNA.
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molecule that they weakly associate with, checking for a target site. Such weak interaction can lead
to either quick dissociation or lateral diffusion by sliding or hopping, the latter of which in theory
would speed up the target search process. However, there exists a limit beyond which lateral diffu-
sion along the nucleic acid strand would slow down the search process and the protein dissociates.
Dissociation again can lead to 3D diffusion or, in some systems, jumping, where the protein can
move to another target site that is physically in close proximity but far in sequence, owing to the
supercoiling or looped conformation of the nucleic acid. In addition, fast target search, involving
mainly weak interactions, and specific target recognition, being mostly stable interactions, require
a conformational change in the protein (14, 17, 62, 102). This review aims to give a comprehensive
overview of how these different search modes and mechanisms are combined in the target search
and recognition of Argonaute, CRISPR/Cas, and RecA proteins at the single-molecule level.

1.2. Single-Molecule Techniques

Single-molecule techniques used in the studies described in this review are total internal reflection
fluorescence microscopy (TIRFM) and magnetic tweezers.

Globyte o Kim o Joo
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1.2.1. Total internal reflection fluorescence microscopy. In TIRFM, only a shallow depth
(~100 nm) below the slide surface is illuminated (3). This is achieved by directing the excitation
beam at an angle where it undergoes total internal reflection at the interface between the glass
slide and solvent in the flow cell. This is perfect for low-light imaging, including single-molecule
detection (4). In studies discussed in this review, TIRFM was used in fluorescence, Forster res-
onance energy transfer (FRET), and DNA curtains assays (41, 43, 44). FRET techniques offer
nanometer resolution through resonance energy transfer and allow one to observe processes oth-
erwise impossible because of the physical diffraction limit. DNA curtains involve anchoring a
long fluorescently labeled DNA molecule and then stretching it by a laminar flow. DNA curtains
can be used to observe long-distance movement that cannot be tracked using techniques such as
single-molecule FRET (smFRET). This technique is limited by the physical diffraction limit, and
processes that occur on length scales smaller than ~250 nm cannot be observed.

1.2.2. Magnetic tweezers. Magnetic tweezers make use of magnets and a magnetic bead that is
attached to a molecule of interest (40). By trapping the bead in the magnetic field, researchers can
manipulate the molecule in question, and the force and torque exerted on the molecule can be ob-
tained by measuring the height of the magnetic bead. Magnetic tweezers assays used in studies de-
scribed in this review make use of supercoiling long DNA molecules. DNA molecules are bound to
magnetic beads and immobilized on the surface of the flow cells. When the magnets are turned, tor-
sional stress is applied to the DNA molecule. At low forces, DNA supercoils forming plectonemes,
which decreases the extension of the DNA molecule in a symmetric fashion for both positive and
negative supercoiling. In such a setting, the position of the bead is very sensitive to even the slightest
changes of the length of the DNA molecule that occur by unzipping a portion of the DNA.

2. ARGONAUTE

Argonaute proteins (see the sidebar titled Structure of Argonaute) are highly conserved in all forms
of life. Eukaryotic Argonaute proteins play a central role in gene expression through processes
referred to as RNA interference, whereas prokaryotic Argonautes participate in host defense via
DNA interference (74, 99). In animals, Argonaute proteins loaded with miRNA as guides bind to
the 3’ UTR of mRNA and prevent the production of proteins via several pathways that usually
involve destabilization of mRNAs, and they require partial complementarity between guiding
miRNA and target mRNA (2, 12). Some Argonaute proteins [e.g., human Argonaute 2 (hAGO2)]
are able to degrade mRINA without recruiting additional factors (79). This endonucleolytic activity
is mediated by siRNAs and requires full complementarity between the target and the guide.

STRUCTURE OF ARGONAUTE

Argonaute proteins have a bilobed architecture with four domains: MID (middle), PTWI (P-element induced wimpy
testis), PAZ (PIWI1/Argonaute/Zwille), and N-terminal domains (Figure 24). These domains are highly conserved
between eukaryotic and prokaryotic proteins. The MID domain interacts with the 5 phosphate of the guide (19,
35). The PIWI domain contains an RNase H-like active site and catalyzes the slicing activity (85, 86, 103). The
PAZ domain binds the 3’ end of the guide. This interaction protects the guide from being degraded, especially in
eukaryotic Argonautes (71, 72). The N-terminal domain is important for target cleavage and the dissociation of the

cleavage products (45, 66).
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Figure 2 (Figure appears on preceding page)

Target search mechanism of eukaryotic Argonaute. (#) Crystal structure of human Argonaute with guide
RNA (97). (b) Argonaute exposes the first four nucleotides of the seed to the solvent (23). (¢) Schematic of
single-molecule hAGO2 FRET assay (23). (4) Representative time traces showing hAGO?2 binding to the
target with different seed-target complementarity (23). (¢) Binding rate of mouse (94) and human Argonaute
(55) proteins with dinucleotide mismatched guide RNAs. (f) Schematic of hAGO?2 tandem target FRET
assay (23). N1 and N, represent the number of complementary nucleotides at the first and second binding
sites, respectively. (g) Representative time trace showing hAGO?2 transitioning between two FRET states
(23). Abbreviations: Cy, Cyanine; FRET, Forster resonance energy transfer; hAGO2, human Argonaute 2;
kon, on-rate; L, linker domain; MID, middle domain; miRNA, microRNA; mm, mismatch; nt, nucleotide;
PAZ, PIWI/Argonaute/Zwille domain; PIWI, P-element induced wimpy testis domain; T, dwell time; WT,
wild type.

In this section, we focus on animal Argonaute proteins, in particular human and mouse Arg-
onaute, and their target search mechanisms.

2.1. Seed Recognition

Biochemical and bioinformatics studies showed that human Argonaute proteins divide their guide
molecules into five distinct domains: 5 anchor (first nucleotide), seed region (nucleotides 2-8),
central region (nucleotides 9-12), the 3" supplementary region (nucleotides 13-16), and the 3’ tail
(nucleotides 17-22) (5, 13, 60, 112). The seed region plays the key role in target search. Structures
of human AGO?2 have shown that the seed nucleotides 26 in the guide are preordered in an A-form
helix and exposed to the solvent (96) (Figure 2b). Such preordering helps Argonaute overcome
the entropic cost of target base pairing. A single-molecule fluorescence study on mouse AGO2
has shown that Argonaute increases the rate with which RINA binds to its target to levels limited
by diffusion, compared to naked guides binding their targets alone, confirming that preordering
facilitates seed recognition (94).

The crystal structure of hAGO2 bound to a guide and target proposed a stepwise mechanism
for target binding: Pairing of nucleotides 2—5 with the target promotes a conformational change
exposing nucleotides 2—8 and 13-16 for target base pairing (97). An smFRET study of hAGO2
has shown that the first three nucleotides in the seed are the most important in determining
the binding rate (Figure 2¢). The number of consecutive complementary nucleotides does not
affect binding rate at all as long as there are no mismatches in the seed. However, the stability
of binding is determined by the degree of seed complementarity (23). By varying the number of
consecutive complementary nucleotides between guide and target, Chandradoss et al. (23) have
shown that binding to the first six nucleotides has a small effect on the dwell time of hAGO2 on the
target RNA. Increasing complementarity past seven consecutive nucleotides had a drastic effect
with binding events lasting throughout the whole measurement (~300 s) (Figure 2d). Therefore,
hAGO? uses the first seed nucleotides that are exposed to the solvent to probe potential target
sites, and the rest of the seed further stabilizes binding, confirming the stepwise model proposed
by previous biochemical and bioinformatics studies.

Other single-molecule fluorescence studies have also shown that seed region is important in
achieving fast target search. A study on mouse AGO?2 explored the effects of dinucleotide mis-
matches along the seed region (94). It was shown that the lack of guide and target complementarity
within the first six seed nucleotides decreases the binding rate dramatically. A similar result was ob-
tained by an smFRET study on hAGO?2 that explored the effect of dinucleotide mismatches along
the full guide (55). In particular, both studies have found that mismatches in the middle and 3’ end
of the seed reduced binding rate more than mismatches on the 5" end of the seed (Figure 2¢). These
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findings are in contrast with Chandradoss et al. (23), who showed that the first three nucleotides
in the seed are the most important. This disparity might arise from the fact that, in the two studies
described above, the remainder of the guide was fully complementary to the target and could pos-
sibly compensate for the mismatches at the beginning of the seed. Despite different findings, all
three studies show that the seed region of the guide RNA is crucial for binding rate and stability.

2.2. Lateral Diffusion

Argonaute proteins have to find their targetin a large pool of cellular RNAs. Furthermore, miRNA
target sites are often found in the 3’ UTR of mRINA, which can be several kilobases long. It is
possible that Argonaute target search is facilitated by lateral diffusion as was first hinted at by
biochemical studies (5). To test this hypothesis, Chandradoss et al. (23) designed a tandem target
assay where two identical target sites were separated by 22 nucleotides on a single RNA strand
(Figure 2f). Binding to one side would yield a high FRET value, and binding to the second
target site would show low FRET. Using a target of six-nucleotide complementarity with the
guide, it was observed that over 70% of binding events showed rapid FRET changes, suggesting
that Argonaute is shuttling between the target sites (Figure 2g). It still remains to be determined
whether the observed FRET changes are due to sliding (the protein contains constant contact with
the RNA), hopping (multiple association and dissociation events are correlated along the contour
of the target RNA), or jumping (the protein can jump to another binding site that is physically
close but far in sequence).

2.3. Conformational Change

Full pairing of Argonaute guide and target requires a protein conformational change. Eukaryotic
and archaeal Argonautes introduce a kink in their guide by an alpha helix, termed helix 7, which
would have to shift to accommodate pairing between nucleotides 6 and 7 (96). Indeed, pairing of
the first five nucleotides relieves helix 7 and allows further nucleotide pairing (63, 97). However,
for further base pairing, the central cleft, where guide and target molecules are accommodated,
has to widen, as narrowing of the central cleft restricts pairing past guide nucleotide 8. The
conformational changes after the turn of the helix 7 may not be important for silencing activity,
but the ensuing movement of the PAZ domain and opening of the channel between PAZ and N-
terminal domains are necessary to accommodate full guide-target base pairing for RNA slicing.
"This conformational proofreading mechanism is further discussed in Section 5.

2.4. Cooperativity

The possibility that neighboring target sites can act cooperatively to retain the AGO-RINA complex
on the target RINA has been previously hinted at by biochemical studies, but the mechanism was
notclear (20,42, 93). A possible explanation is provided by the observation of lateral diffusion. The
smFRET study using tandem target assay shows a drastic difference between the dwell times on a
single target and tandem target with residence times on the tandem target constructs being nearly
10 times higher than those on a single target (23). This result confirmed that the neighboring
target sites act synergistically to retain AGO-miRNA on the target strand. Remaining bound to
the target RNA for longer could decrease the energetic cost that comes with protein having to
change conformation upon associating and dissociating with the target multiple times. In addition,
increased dwell time gives more time to recruit other proteins necessary for degradation of mRINA.
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3. CRISPR IMMUNITY

Bacteria and archaea use the RINA-mediated adaptive CRISPR/Cas immune system to defend
against invading bacteriophages and plasmids (11, 76). Different organisms have evolved distinct
CRISPR systems. These systems are grouped into two main classes that are subdivided into six
main types (73, 81). The signature of Class 1 CRISPR systems (types L, III, and IV) is the use of
a multi-subunit protein complex for target recognition and degradation, whereas Class 2 systems
(types II, V, and VI) use a single protein for this task. This section of the review focuses on the
two best understood systems: type I [CRISPR/Cascade (CRISPR-associated complex for antiviral
defense)] and type II (CRISPR/Cas9).

3.1. Cas9 Protein

For six years now, type 11 Streptococcus pyogenes Cas9 (SpyCas9) protein has been at the center
of attention for genome engineering purposes, owing to its simplicity and programmability (10,
52). This protein is a large endonuclease, consisting of 1,368 amino acids and multiple domains
(Figure 3a). SpyCas9 recognizes a 3-nucleotide PAM (protospacer adjacent motif)) adjunct to the
3’ end of the 20-nucleotide target sequence and cleaves the target three base pairs downstream
from the PAM (see the sidebar titled PAM Recognition). Unlike most other CRISPR systems,
SpyCas9 needs two RNA molecules, namely ¢crRNA and trans-activating RNA (tractrRNA), to
find and destroy the target (37, 53). For genome editing purposes, the two RNA molecules can be
fused into one single-guide RINA that maintains full functionality of the effector complex (28, 48).
Binding to RNA is crucial for Cas9 targeting, as it enables structural rearrangements necessary to
accommodate a DNA targetand contains the guide sequence, which is complementary to the target
(see the sidebar titled Cas9 Preorganization and Structural Rearrangement for Target Search).

3.1.1. PAM search. PAM recognition is the first step in Cas9 target search and is an intrinsically
complex protein-DNA interaction. Binding to the canonical PAM triggers local melting of the
DNA at the PAM-adjacent nucleation site (7). This is followed by the directional formation of the
RNA-DNA hybrid and the displacement of the nontarget strand (R-loop formation) (50, 92, 109).

Single nucleotide mutations in the PAM are able to slow down or abolish binding and R-loop
formation, as shown by magnetic tweezers DNA-supercoiling assays (109). In these experiments,

PAM RECOGNITION

CRISPR systems target specific sequences using Watson-Crick base pairing between guide RNA and target DNA
to recognize and cleave the target (36). In addition to the target sequence complementary to the guide RNA, specific
Cas proteins involved in DNA interference recognize a PAM (protospacer adjacent motif) sequence as the first step
of target search (53, 82). Although different in sequence and placement between different CRISPR systems, a PAM
sequence is always present adjacent to the target site. The main role of PAM is to act as an indicator for self-nonself
discrimination: The spacer sequences integrated in the host genome are identical to those in the invading DNA;
hence the host could recognize and cleave its own DNA, which would be fatal to the cell (78). In contrast, the
protospacer sequences in the invader’s genome are always flanked by a PAM sequence, which is not integrated in
the CRISPR locus. Therefore, upon recognizing the PAM sequence as the first step prior to recognizing the target
via Watson-Crick base pairing, the host ensures that the invader is destroyed and the integrity of its own genome

remains protected.
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Figure 3 (Figure appears on preceding page)

Target search mechanism of Cas9 protein. (2) Crystal structure of SpyCas9 with single-guide RNA and
target DNA. (b)) SpyCas9 preorders the first 10 guide nucleotides in a helical configuration and exposes
nucleotides 19-20 to the solvent. (¢) Schematic of Cas9 smFRET multiple-PAM assay (39). (d) Schematic of
magnetic tweezers assay (109). (e) Time trajectory of the DNA length. Cas9 binds at negative supercoiling,
thus increasing DNA length, and dissociates at positive supercoiling also increasing DNA length (109). (f)
Mean reaction times for R-loop formation and dissociation as a function of torque for WT protospacer and a
PAM (G4C) mutant (109). (g) Mean reaction times for R-loop formation and dissociation as a function of
torque for different protospacer truncations (109). () Protospacer mutation scheme for snFRET assay (100).
(7) Dwell times for DNA targets with different lengths and positions of mutations (100). (j) Schematic of
DNA curtains assay (105). (k) Survival probabilities for off-target binding events are represented by a
double-exponential decay (105). Abbreviations: bp, base pair; Cas9, CRISPR-associated protein 9; Cy,
Cyanine; mm, mismatch; KCI, potassium chloride; N, north magnetic pole; PAM, protospacer adjacent
motif; REC, Recognition; S, south magnetic pole; S2, spacer 30 nucleotides long; S2’, spacer 20 nucleotides
long; sgRNA, single-guide RNA; smFRET, single-molecule Forster resonance energy transfer; SpyCas9,
Streptococcus pyogenes Cas9; T, dwell time; W'T, wild type.

performed with Streptococcus thermophilus Cas9 (StCas9), DNA was negatively supercoiled to assist
R-loop formation (Figure 3d,e). When PAM was mutated four nucleotides away from the seed,
R-loop formation was still observed but at a much lower rate (Figure 3f). PAM mutations in the
positions closer to the seed slowed down R-loop formations even more. Therefore, mutations in
the PAM alter R-loop formation by kinetic instability, which renders Cas9 unable to recognize
the target and start R-loop formation.

DNA curtains experiments (Figure 3j) showed that PAM recognition involves intrinsically
weak interactions (105). While Cas9 remains stably bound to a bona fide target site, only short-
lived interactions are observed with off-targets. The off-target binding distribution correlates
with the PAM distribution on the lambda DNA, consistent with other studies, showing that

Cas9 PREORGANIZATION AND STRUCTURAL REARRANGEMENT FOR TARGET
SEARCH

Apo-Cas9

Apo-Cas9 has a bilobed architecture with one lobe (nuclease lobe) containing the HNH, RuvC, and C-terminal
domains and the other (recognition lobe) containing a large helical domain (54). Apo-Cas9 is able to bind DNA;
however, it displays no sequence specificity, as shown by DNA curtains assays (105). The nonspecific DNA binding
shows strikingly long lifetimes. However, in the presence of heparin or guide RNA as competitors, Apo-Cas9
quickly dissociates from the DNA strand.

Structural Arrangement for PAM and Seed Recognition

TracrRNA activates the Cas9-RINA complex. An important rearrangement upon binding crRINA and tracrRNA
occurs in the C-terminal domain, also known as the PAM-interacting domain, which then forms a groove that can
accommodate the PAM sequence in its DNA duplex form. Binding to guide RNA therefore enables Cas9 to look
for PAM sites in a sequence-specific manner (7). Similar to Argonaute (Ago) systems, the first 10 nucleotides in the
seed region of the crRNA are preordered in an A-form helix, with the first nucleotides exposed to the solvent for
initial DNA interrogation (Figure 35). In addition, a kink is introduced into the guide RINA by an insertion of an
amino acid (Tyr) between nucleotides 15 and 16, which is relieved upon target binding (51, 54).
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Cas9 samples PAM sites before it finds and stably associates with its target site. The short-lived
interactions are characterized by a double-exponential decay, indicating that Cas9 has at least two
distinct modes when searching for PAM (Figure 3k).

An insight into different binding modes is provided by smFRET experiments that can probe
local interactions around PAM sites (39) (Figure 3d). If there are neither PAM nor target sites
present on the DNA, Cas9 binding is random and short lived (<0.5 s). However, if there is at least
a single PAM site present, Cas9 exhibits two distinct types of behavior: short transient binding to
a PAM site (<0.5 s) and more stable binding (~2 s). This implies that, upon binding a PAM site,
Cas9 can either dissociate quickly upon failing to form an RNA-DNA duplex or diffuse locally
around the PAM, looking for adjacent PAM sites and trying to form an R-loop there. Therefore,
Cas9 might use a combination of short-lived 3D diffusion and long-lived 1D diffusion for PAM
search.

In vivo, Cas9 has been found to spend approximately a subsecond on PAM sites (64, 56).
However, some Cas9 molecules stay stably bound for longer than 5 s, despite the fact that there is
no target present, indirectly suggesting that Cas9 may be searching for adjacent PAM sites flanked
by a cognate target sequence, potentially using lateral diffusion. Biochemical data have revealed
another layer of complexity, showing that Cas9 is able to bind DNA substrates with no target
but multiple PAM sites in electrophoretic mobility shift assays (105). This peculiar observation
may be explained by local diffusion on the target strand that creates a synergistic effect between
neighboring PAM sites.

3.1.2. Seed recognition. The next step after recognizing the correct PAM is the recognition
of a seed sequence on the target DNA. This sequence is the first 8-12 nucleotides downstream
from the PAM. Recognition of the seed via Watson-Crick base pairing between guide RNA and
target DNA is crucial for stable binding. A magnetic tweezers study investigated the effect of
protospacer truncations on the stability of the RNA-DNA R-loop using StCas9 (109). For 1-
or 5-base pair (bp) truncations from the PAM-distal end, R-loop stability was slightly reduced.
R-loops were detected for truncations up to 7 bp with little change in the association rate but
were not detected for 9-bp truncations (Figure 3g). R-loops of 11 bp or shorter were not formed,
revealing directional R-loop formation.

Additional evidence for the directionality of R-loop formation by Cas9 has been shown by an
smFRET study (70). Here, immobilized DNA is labeled with a donor dye at the PAM-distal end
and RINA is labeled at the 5" end with an acceptor dye. Upon full complementarity, a high FRET
state was observed. However, it was also possible to capture an intermediate FRET state that
corresponds to only PAM-proximal base pairing before a high FRET state was reached. These
findings show substeps in guide-target pairing and confirm the directionality of R-loop formation
between RNA and DNA.

Another smFRET study has explored the effects that both PAM-proximal and PAM-distal
mismatches have on Cas9 protospacer binding (100) (Figure 3b). Even 2-bp PAM proximal
mismatches are able to severely decrease binding, and 4-bp PAM-proximal mismatches decrease
binding to the levels of fully mismatched targets. In contrast, PAM-distal mismatches are much
better tolerated, with up to 12 mismatches showing the binding stability as the cognate target
(Figure 37). Together, these results underscore the importance of the seed region, which in this
study has been shown to be eight nucleotides. This shows that early mismatched regions are
able to stop R-loop formation and abolish binding regardless of the sequence downstream of the
mismatched region.
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3.1.3. Final stages of target recognition. Initial target search of Cas9 is a complex process
involving multiple binding modes. Although finding the seed is enough for stable binding, Cas9
cleavage requires more stringent Watson-Crick base pairing. If a target is extensive enough for
stable binding but not extensive enough for cleavage, Cas9 undergoes dynamic conformational
changes. Single-molecule and bulk FRET experiments where the two nuclease domains, HNH
and RuvC, were labeled have shown that the movement of the HNH domain from the PAM-distal
end to the cleavage site is possible only when the complementarity between guide RNA and target
DNA is no less than 18 nucleotides (25, 104). Four PAM-distal mismatches are enough to stop
Cas9 from reaching the final conformation state, leaving Cas9 transitioning between the initial
and intermediate states.

3.2. Cascade Protein Complex

A majority of CRISPR systems found in nature belong to the type I CRISPR family. These
types of CRISPR systems use a multi-subunit protein complex, Cascade, for the recognition of
invading foreign DNA (21). Cascade alone is unable to degrade target DNA and instead relies
on the recruitment of a Cas3 endonuclease (83, 101). Cascade complexes play a role not only in
interference butalso in a process called priming during which CRISPR memory is rapidly updated
to fight escape mutants (32).

3.2.1. Structural arrangements enable target search. Escherichia coli Cascade consists of 11
Cas proteins (one copy of Csel, two copies of Cse2, six copies of Cas7, one copy of Cas5e, and
one copy of Cas6e) and adopts a sea horse-like structure (49, 118) (Figure 44,b). Its crRNA has
a less intricate architecture than that of Cas9, consisting only of a 3'-stem loop and a protospacer
region. Similar to Cas9, crRINA in Cascade is preordered in a pseudo A-form helical configuration.
The spacer sequence is divided into segments by the flipping out of every sixth nucleotide. The
nucleotides within the first two segments are crucial to target binding and are defined as the seed
(98). Mismatches in the other segments are much better tolerated and can still lead to successful
interference.

3.2.2. PAM search. Cascade PAM recognition is more promiscuous with at least five inter-
fering PAM sequences identified for E. co/i Cascade (47, 83, 113). The PAM is recognized by
Csel in double-stranded form, from the minor-groove site. Such mode of the minor-groove
recognition indicates that mutated PAMs can be tolerated as long as target sequence is opti-
mal (46). This is supported by a DNA curtains study where Cascade was able to bind a fully
matching protospacer that was lacking a PAM but with a much reduced binding rate (90)
(Figure 4c).

3.2.3. Directional R-loop formation. Similar to Cas9, upon binding a PAM site, Cascade
interrogates the target DNA and forms an RNA-DNA R-loop in a directional fashion as shown by
magnetic tweezers experiments (92). Point mutations in the seed region required higher negative
supercoiling for R-loop formation than PAM-distal mutations. This agrees with the CHAMP
(chip-hybridized association-mapping platform) assay, where it was found that the farther the
point mutations are from the PAM, the more tolerated they are (57). In addition, in magnetic
tweezers experiments, Cascade stalling at mutations was observed, which needed appropriate
supercoiling (approximately fourfold higher for mutations close to PAM compared to wild type)
to overcome the intermediate state for full R-loop formation (Figure 4d). Reversible binding
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events were also observed with DNA curtains, suggesting Cascade might make multiple attempts
before it stably engages with the protospacer.

3.2.4. Nondirectional binding. Despite magnetic tweezers assays suggesting only directional
R-loop formation, an smFRET study has shown that Cascade is able to bind DNA in a sequence-
specific but nondirectional manner (18). Targets with a cognate PAM and fully complementary
DNA sequence exhibited two types of binding events—long events characterized by an initial
high FRET that soon transitioned to a low FRET state, and short-lived events exhibiting low
or mid FRET state, corresponding to partially unwound DNA. Targets with a mutated seed
region showed only the second type of events (Figure 4e¢). This is in contrast to Cas9, where seed
mutations completely abolish target binding. It was confirmed in vivo that the constructs that
exhibited noncanonical binding modes triggered the priming response, which allows CRISPR
memory to be rapidly updated.

3.2.5. Cas3 recruitment. Cascade does not degrade the target itself but rather recruits the Cas3
nuclease (101). In the magnetic tweezers experiments, it was shown that R-loop locking is required
for the recruitment of Cas3, regardless of any mutations in the protospacer. However, mutations
of the PAM significantly affected Cas3 cleavage, even if the R-loop was fully formed and was in its
locked state, implying a dual signaling mechanism upon target recognition. Consistent with these
findings, DNA curtains assay has shown that Cascade bound to a target flanked by a PAM could
readily recruit Cas3 nuclease for DNA degradation. However, at PAM-lacking sites, Cascade
could not directly recruit Cas3. Finally, the CHAMP assay also suggested that Cas3 is recruited
in a DNA sequence—dependent manner.

4. RecA-MEDIATED DNA RECOMBINATION

Cellular DNA experiences damages from harsh environments. The double-strand break (DSB)
is a lethal DNA damage. A DSB site is recognized by protein complexes such as RecBCD, Rec-
FOR, and BRCA2, which process the damaged DNA to make a long single-stranded overhang
(Figure 5a) (27). RecA/Rad51 proteins are loaded onto the single-stranded overhang, forming a
several-kilobase-long nucleoprotein filament (8). The single-stranded DNA (ssDNA) within the
filament is linearly stretched such that the Watson-Crick pairing sides of the bases are exposed
to the solvent. This structural arrangement is utilized for homology search and strand exchange
reaction (Figure 5b) (24). All these steps need to be processed quickly and accurately against the
genome consisting of millions to billions of bases within the time window of DNA replication
in the cell cycle (typically 1-2 h) (69). In this section, single-molecule studies on the homology
search and target recognition mediated by RecA/Rad51 are covered.

4.1. Structural Platform for Homology Search

RecA forms a helical filament on ssDNA (Figure 5b) (24, 31). X-ray crystallography revealed that
the bases within a filament are grouped into three bases (designated as a triplet), each occupied
by a single RecA monomer (24). The triplet maintains the B-form-like structure. Binding to a
homologous sequence triggers slight structural rearrangement of the triplet, which signals RecA
to check for correct pairing. Growing evidence supports the hypothesis that the triplet is the
fundamental unit of base pair recognition (67, 87) as well as of strand exchange reaction (88). It has
further been shown that RecA controls the way grouping bases precisely locate the recombination
hot spot, Chi. (61).
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4.2. One-Dimensional Versus Three-Dimensional Search Mechanisms

Advances in single-molecule methods enabled real-time observation of homology search, pairing,
and the strand exchange process (Figure 5c¢) (26, 34, 67, 75, 87-89). Direct observation of RecA
filament sliding along double-stranded DNA (dsDNA) has been reported by Ragunathan et al.
(89). By using smFRET, the authors found that the RecA filament initially binds to the dsSDNA at
random positions and slides along the dsDNA for homology search. The diffusion coefficient of this
1D sliding was 8,000 bp*/s, allowing two-orders-of-magnitude-faster homology search compared
to a simple 3D diffusion model. They estimated sliding could occur up to several hundred bases
before dissociation. A follow-up work of DNA curtains experiments by Qi et al. (87) indicated the
lack of long-distance lateral diffusion and thus suggests that the lateral diffusion distance is shorter
than the diffraction limit (~250 nucleotides).

In the same year, experimental evidence of facilitated 3D search was reported (34). By us-
ing optical tweezers combined with fluorescence imaging within a microfluidic device, Forget
& Kowalczykowski (34) have found that the search and pairing process slows down when the
dsDNA is linearly stretched, implying that 3D conformation of the dsDNA target is crucial in
the homology search. Moreover, transient loop formation of the dsDNA at the off-target site has
also been observed in support of the intersegmental transfer, a process that a filament transposes
via simultaneous binding to more than two different regions of the dsDNA. This intersegmental
transfer allows parallel homology sampling at multiple regions of the dsDNA (16).
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4.3. R-Loop Stability

RecA/Rad51 recombinases rely on Watson-Crick base pairing to find homology. By measuring
the kinetic lifetimes of a transiently bound homology search intermediate, Qi and colleagues (67,
87) have found that microhomologies shorter than eight nucleotides cannot make a stable R-loop
for further homology recognition. In contrast, Ragunathan et al. (89) have observed transient
homology pairing as short as six nucleotides. The disagreement in numbers may be due to the
location of the homology sequence; Ragunathan et al. used a dsDNA with homology at one end
of the dsDNA, whereas Qi et al. placed a homology sequence in the middle of the dsDNA.
Nevertheless, these studies show that RecA uses a length-based discrimination mechanism to find
homology.

5. INTEGRATED VIEW ON TARGET RECOGNITION

Target search and recognition consist of different search modes and stages. This section provides
an integrated view of target search and recognition processes.

5.1. Modes of Target Search

Target search is an essential part of the functioning of many different proteins. Despite differences
in function, any target search and recognition should be both rapid and specific. The optimum
way to achieve this is to use a combination of 3D diffusion and 1D diffusion while minimizing
time spent on off-targets. See Table 2 for a summary.

Human AGO?2 of the Argonaute protein family achieves this by exposing only the first few
nucleotides of the seed region and using them to probe potential target sequences. An smFRET
study has shown that exposing the first three nucleotides facilitates target search by lateral diffusion
in which the hAGO2-miRNA does not dissociate from the RINA strand even if a fully matching
target is not found but diffuses laterally to a neighboring target site (23). Adjacent target sites

Table 2  Single-molecule studies of Argonaute, Cas9, Cascade, and RecA
Searcher | Motif for initial Requirements for Requirements for Conformational Facilitated
protein recognition stable binding competent state change upon (. ..) target search
AGO First 3 nt of seed Seed pairing (7 nt) (23) Full-length guide Seed recognition (63) Lateral diffusion
(23,94) pairing (~22 nt) Full-length target (>10nt) (23)
(55, 115) recognition (58, 116)
Cas9 PAM (3 nt) PAM (100, 105, 109) PAM (70) Seed recognition (25) Lateral diffusion
(39, 105) Seed pairing (8 nt) (100) | Near-full-length Full-length target (>10nt) (39)
Seed pairing (13 nt) guide pairing recognition (25)
(109) (18-20 nt) (70)
Cascade PAM (3 nt) (90) Near-full-length guide PAM (90, 92, 109) Near-full-length target Lateral diffusion
pairing (28-32 nt) Near-full-length recognition (18, 114?) (>100 bp) (22)
(92, 109) guide (28-32 nt)
(92, 109)
RecA 5-7 nt (89) 8-nt pairing (67, 87) 15-nt pairing (88) Not reported Lateral diffusion
(>10 bp) (89)

A bulk, not single-molecule, Férster resonance energy transfer study.

Abbreviations: AGO, Argonaute; bp, base pairs; Cas9, CRISPR-associated protein 9; Cascade, CRISPR-associated complex for antiviral defense;
nt, nucleotide(s); PAM, protospacer adjacent motif.
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also act synergistically to keep the protein from dissociating, thereby increasing the probability of
finding a cognate target nearby.

Similar to Argonaute, Cas9 uses a mixture of 3D and lateral diffusion to find its target. First, the
protein weakly associates with a PAM site, interrogating the adjacent sequence for complementar-
ity, as shown in DNA curtains experiments (105). An smFRET study has additionally shown that
Cas9 has two binding modes, one being a specific PAM and guide-target-mediated interaction
and another, termed sampling mode, being a search mode that does not involve RNA-DNA base
pairing and is likely protein sampling the DNA for a PAM site—with one of the ways possibly
being lateral diffusion (100). Another smFRET study has directly shown that Cas9 is able to tran-
sition without dissociation between adjacent PAMs or PAMs with partial target sites via lateral
diffusion (39). The CRISPR type I Cascade protein complex has been shown to use 3D diffusion
to find its target (90). Recently, it has also been shown that the Cascade protein complex from a
thermopbhilic organism (Thermobifida fusca) also uses 1D diffusion during its target search (22).

RecA also takes advantage of the synergetic acceleration in the target search process by com-
bining both 1D and 3D search mechanisms (Figure 5¢). Similar to the Argonaute and CRISPR
systems, RecA filament slides locally along dsDNA (89). During this short-range 1D search, RecA
recognizes only the homologous sequences longer than a certain length (6-8 nucleotides) (87,
89). Ignoring short matches effectively decreases the search complexity because the number of the
matching sequences in the genome decreases exponentially with longer pairing size (67, 87). Arg-
onaute shares this pairing size-based discrimination to reduce the search complexity (23), while
PAM recognition of Cascade/Cas9 proteins is another effective way to reject large numbers of
off-targets from endogenous sequences. In 3D search mechanisms, a notable difference of RecA
compared to Argonaute and CRISPR systems is the length differences of the guide DNA/RNA:
several kilobases for RecA versus ~20-30 nucleotides for Argonaute and CRISPR. Extremely
longer length of the RecA filament enables intersegmental transfer by simultaneous binding to
multiple regions of the genomic DNA, allowing parallel homology sampling (34). No such parallel
sampling has been reported for Argonaute and CRISPR systems, yet jumping to a faraway region
of the strand that s in close proximity in space might still be an effective way to facilitate the search
process when combined with the local 1D sliding.

5.2. Mechanism of Kinetic Proofreading

Initial weak interactions with the subseed region in the case of Argonaute and with PAM in the
case of CRISPR proteins aid in fast dismissal of off-target sites. When the initial target recognition
step is successful, further proofreading occurs via intricate protein conformational changes.

In the case of human Argonaute, the first conformational change the protein undergoes under
binding to a cognate targetis the release of the kink between guide nucleotides 6 and 7, which allows
for further guide-target base pairing (63, 97). This kink is released by rotating the alpha helix 7 by
4 A, and this release is possible only if guide nucleotides 2—5 are fully complementary to the target.
Such conformational rearrangement allows for full seed base pairing and sharply increases affinity
(human AGO2 residence times on its target). Seed base pairing, however, is not enough to trigger
the catalytic activity of this protein. Binding to the seed widens the channel between the PAZ and
N-terminus domains, which in turn allows for the disordered supplemental region of the guide
RNA (nucleotides 13-16) to adopt an A-helical conformation (97). Such preordering would de-
crease the entropic cost of target pairing even further. Base pairing in the mid-region has also been
shown to be crucial for target cleavage, as shown by biochemical and single-molecule studies (55).

Despite full complementarity, Argonaute is unable to cleave some targets (55). A possible
explanation could be that certain sequences are unable to trigger the final conformational change
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in the middle region that would position the catalytic residues next to the cleavage site. It is also
suggested that off-target site rejection is assisted by the interactions with the 3’ end of the guide
and the PAZ domain of the protein. Single-molecule FRET studies have shown that modifications
at this end of the guide slow down the protein dissociation from the target, which could lead to
potential cleavage of off-target sites (58). Further single-molecule and structural studies will reveal
the full conformational proofreading mechanism of hAGO2 even further and answer lingering
questions such as why some sequences cannot be cleaved despite full complementarity.

The Cas9 protein also undergoes extensive conformational changes throughout its target
search. The major conformational change occurs upon binding guide RNA, which enables Cas9
to search for PAM in a sequence-specific manner (see the sidebar titled Cas9 Preorganization
and Structural Rearrangement for Target Search) (7). Upon binding to the correct PAM, Cas9
bends the DNA so that the duplex could be unzipped and interrogated. The first 10 nucleotides
of the seed are preordered in an A-helical configuration, thus prepaying the entropic cost for
target base pairing (51). As in the case with Argonaute, binding to the seed is enough to stabi-
lize the Cas9-RNA-DNA complex (100). However, biochemical data have shown that cleavage
for such targets is very inefficient. Further structural and single-molecule studies have revealed
that Cas9 undergoes another conformational change as the complementarity between guide and
target increases (25, 50). Initially, the HNH domain that cleaves the target strand is positioned
at the PAM-distal end, far from the cleavage site. However, when a full target has been found,
the HNH domain moves to the cleavage site, thus achieving a catalytically active conformation.
Single-molecule and bulk FRET experiments showed that at least 18 of 20 nucleotides between
the target and guide have to be complementary for Cas9 to achieve target cleavage (25, 104). As the
number of mismatches is increased, the HNH domain is unable to pass through an intermediate
conformation and cleave the target strand. The nontarget strand is cleaved by the RuvC domain,
which is initially already positioned close to the cleavage site. However, without the movement
of HNH domain, the nontarget strand also cannot be cleaved, indicating a signaling mechanism
between the two domains as the final checkpoint before target cleavage.

The Cascade protein complex does not have a prominent conformational proofreading mech-
anism for binding. This could be a potential explanation as to why it can bind targets without a
PAM or with significant mismatches in the seed. However, binding to a fully complementary tar-
get “locks” Cascade and stabilizes the R-loop (92, 109). It has been shown that this locking and the
presence of a correct PAM sequence is required to recruit the Cas3 nuclease for target degradation
(90, 92). Binding to partial targets instead triggers a priming response, where CRISPR memory
is rapidly updated to fight escape mutants (18). In this response, it is likely that the Cas1-Cas2
protein complex, which is responsible for the spacer integration in the CRISPR locus, is necessary
to recruit Cas3 (57, 90).

6. CONCLUDING REMARKS

Protein target search is a complicated process involving different search modes comprising weak
interactions and protein conformational changes. Despite the difference in function, target search
mechanisms of proteins from different families like Argonaute, CRISPR, and RecA share a lot
of similarities. To begin with, these proteins recognize a short nucleic acid sequence as an initial
recognition step: Argonaute recognizes the first 3 nucleotides of the seed, CRISPR/Cas proteins
recognize a PAM sequence, and RecA recognizes the first 5-7 nucleotides of its target (23, 82, 89,
90, 105) (Figure 6; Table 2). Furthermore, all described proteins use a mixture of 3D and 1D
diffusion to efficiently locate their targets (22, 23, 39, 89, 90, 105). Strikingly, all proteins can lat-
erally diffuse approximately 10 bp in length. Another similarity is that Argonaute, Cas9, and RecA
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proteins do not require full target complementarity for stable base pairing, but instead, binding is
stabilized by the pairing of the first 7-12 nucleotides, depending on the protein (23, 67, 87, 100)
(Figure 6). In all described systems, the competent state requires more extensive base pairing,
with Argonaute and CRISPR proteins requiring the full length and near full length of the guide,
respectively, and RecA requiring 15 nucleotides (25, 55, 70, 88, 115). In addition, Argonaute and
CRISPR proteins undergo conformational changes during different stages of target recognition
(18, 25, 58, 63, 114, 116) (Figure 6). Conformational changes of RecA upon target recognition
have notbeen directly observed. All in all, despite subtle differences, these different protein families
make use of the same core principles to find their targets in a fast and efficient manner.
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