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Abstract

Exciting new advances in genome engineering have unlocked the poten-
tial to radically alter the treatment of human disease. In this review, we
discuss the application of single-molecule techniques to uncover the mecha-
nisms behind two premier classes of genome editing proteins: transcription
activator-like effector nucleases (TALENs) and the clustered regularly in-
terspaced short palindromic repeats (CRISPR)/CRISPR-associated system
(Cas). These technologies have facilitated a striking number of gene editing
applications in a variety of organisms; however, we are only beginning to un-
derstand the molecular mechanisms governing the DNA editing properties
of these systems. Here, we discuss the DNA search and recognition pro-
cess for TALEs and Cas9 that have been revealed by recent single-molecule
experiments.
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ZFN: zinc finger
nuclease

TALE(N)s:
transcription
activator-like effector
(nuclease)s

CRISPR/Cas:
clustered regularly
interspaced short
palindromic repeats
(CRISPR)/CRISPR-
associated (Cas)
system

AFM: atomic force
microscopy

INTRODUCTION

In recent years, new techniques in genome engineering have inspired potentially revolutionary
treatments for previously incurable diseases (1). At present, several therapeutic approaches are
trickling into international markets (2), with many more advancing at various stages of clinical
trials (3, 4). In the field of genome engineering, three major biotechnologies have emerged as
efficient molecular tools for the precise editing of DNA in the context of large genomes (1): zinc
finger nucleases (ZFNs) (5–8), transcription activator-like effector (nuclease)s [TALE(N)s] (9–11),
and the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated
(Cas) system (12, 13). These systems function as programmable nucleases that provide exquisite
control over the editing of genetic information in live cells. In all cases, a nuclease is programmed
to induce a double strand break at a desired position in the genome, after which the break is
repaired via nonhomologous end joining or homology-directed repair, depending on the presence
of exogenous template DNA and the cell cycle phase, among other factors (14). In this review, we
discuss how single-molecule biophysical techniques have been utilized to reveal the fundamental
processes behind the DNA binding and search behavior of TALE proteins and the CRISPR/Cas
system.

ZFNs were the first of the three main classes of programmable nucleases to emerge as viable
tools for genome engineering. Despite their use in gene editing applications (15, 16), ZFNs have
not been extensively studied via single-molecule techniques and thus are not discussed further
in this review. TALENs (Figure 1a) consist of fusions between programmable DNA binding
domains (transcription activator-like effectors, or TALEs) and nuclease domains (typically FokI).
The TALE binding domain is characterized by an array of tandem repeats that bind DNA in a
one-repeat-to-one-base-pair manner (17). TALEs offer an exceptional level of customization to
essentially any target DNA sequence of interest, provided that a single thymidine is located at
the 5′ terminus of the TALE binding site (18). The CRISPR/Cas9 system (Figure 1b) consists
of a combined protein/RNA element with sequence specificity imparted by a guide RNA, which
is distinct from both TALENs and ZFNs (13). Considering that DNA sequence recognition is
imparted by a short RNA rather than a custom protein, the CRISPR/Cas9 system is compara-
tively straightforward to implement for gene editing applications, which has resulted in explosive
popularity for this method (19, 20). Despite major progress made in harnessing these systems for
gene editing applications, however, there remains a strong need for improving specificity in DNA
recognition and editing (21). To enable precise and accurate editing of large, intact genomes, a
comprehensive understanding of the molecular details of DNA binding and search dynamics is
needed for each system (22). Single-molecule techniques provide a direct window into observing
the DNA binding and search mechanisms for these biomolecules.

Single-Molecule Techniques

Traditional or bulk biochemical methods report on ensemble average properties, such as an aver-
age enzymatic rate or average molecular conformation. However, single-molecule techniques can
be used to study heterogeneity, distributions in molecular behavior, and real-time dynamics of sin-
gle proteins and biomolecules. Single-molecule methods allow for the ability to follow individual
chemical or biochemical reactions, thereby probing the stochastic nature of chemical processes
in physiologically relevant conditions in real time. Broadly speaking, single-molecule techniques
can be divided into two main categories: imaging-based approaches and force-based approaches.
Within this classification, imaging-based methods are typically carried out via fluorescence
microscopy, whereas force-based approaches generally rely on optical tweezers, magnetic tweez-
ers, or atomic force microscopy (AFM) for precise mechanical control of single biomolecules.
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SMFM:
single-molecule
fluorescence
microscopy

smFRET:
single-molecule
Förster resonance
energy transfer

DBP: DNA-binding
protein

Single-molecule fluorescence microscopy (SMFM) can be used to detect single fluorescent
probes (small-molecule organic dyes or genetically encoded fluorescent proteins) linked to
biomolecules such as proteins or nucleic acids. By using this approach, single biomolecules can
be localized with spatial precisions less than the diffraction limit of visible light (∼300 nm) by
collecting a sufficient number of photons from each emitter (23). From this perspective, molecular
events can be directly observed at relevant length scales for proteins, DNA, or RNA via detection
and localization of single biomolecules with spatial resolutions of 25–100 nm. In this way, SMFM
has facilitated significant advances in our understanding of complex biological systems, including
the hand-over-hand movement of myosin V (24) and kinesin (25) and the residence times for lac
operator binding in vivo (26). In addition to methods based on single-molecule tracking, single-
molecule Förster resonance energy transfer (smFRET) allows for direct observation of small-scale
(1–10-nm) changes in intermolecular or intramolecular distances (27). In this way, smFRET can
be considered as a powerful molecular ruler, and this method has been used to study myriad
biological processes, including protein folding (28) and the repetitive shuttling mechanism of
Rep helicase (29).

Single-molecule force-based measurements offer the ability to apply and/or measure subpi-
conewton to nanonewton forces, which are relevant for the study and manipulation of individual
biomolecules (30). Optical tweezers and magnetic tweezers are based on the principle of particle
trapping using an external force field. In the case of optical tweezers, a high-powered laser beam
is focused through a high–numerical aperture objective lens, generating a tight focus and large
optical gradient (31). Dielectric particles near the focus of the beam experience a restoring force
toward the trap center, thereby enabling stable trapping. Magnetic tweezers function by apply-
ing an external magnetic field to manipulate ferromagnetic, paramagnetic, or superparamagnetic
beads. Magnetic tweezers can also be used to generate torque on trapped particles by rotation
of two permanent magnets, which is useful for inducing supercoiling in DNA (32). In all cases,
these techniques require that the biomolecule of interest (nucleic acid or protein) be conjugated
to a dielectric or magnetic bead (33), which is commonly a surface-functionalized micrometer-
sized colloidal particle. Additional trapping techniques provide alternative methods for single
molecule/particle manipulation, including the Stokes trap (34) and the electrokinetic trap (35).

AFM provides a method for force-based measurements or manipulation of single biomolecules
as well as single-molecule imaging (36). AFM is a scanning probe method based on measuring
the deflection of a microfabricated cantilever affixed with a sharp probe tip. Dragging or tapping
the tip along biological samples enables acquisition of images with nanometer-level resolution.
Moreover, AFM can be used to determine force-extension relations for individual DNA molecules
or proteins (37).

Single-molecule techniques provide a powerful toolbox to investigate gene editing systems,
with an overall goal of determining real-time dynamics, biophysical mechanisms, and interactions
with DNA templates. In this review, we discuss recent applications of single-molecule imaging and
force-based methods to study TALE proteins and the CRISPR/Cas9 system. In particular, we re-
view recent experiments that have revealed the molecular mechanisms governing target site search
and recognition on DNA and manipulation of DNA templates carried out by gene editing systems.

SINGLE-MOLECULE STUDIES OF TALE PROTEINS

Discovery and Rapid Emergence of TALEs for Gene Editing

TALEs are a class of DNA-binding proteins (DBPs) naturally secreted by Xanthomonas bacteria
to aid in their infection of plant cells. Early genetics studies identified a high number of repetitive
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RVDs: repeat variable
diresidues

elements corresponding to repeats of 34 or 35 amino acids in the avrBs3 gene, known to belong to
a genome for an organism that causes deleterious infections in pepper plants (38). Shortly after the
identification of the avrBs3 repeats, several homologs in rice infections (39, 40), citrus cankers (41),
and tomato blight (42) were identified. In vitro binding studies demonstrated that avrBs3 strongly
interacted with DNA, confirming that these proteins, with their nuclear localization signals, were
modulators of transcription. Nevertheless, the repeat structures found in these proteins appeared
to be unique among the broad class of previously identified site-specific DBPs.

A breakthrough in understanding TALE-DNA interactions was made with the realization that
the size of the UPA box (the region in the pepper genome upregulated by avrBs3) was roughly the
same size as the number of repeat domains in avrBs3, which led to a hypothesis of a one-repeat-
to-one-base-pair binding mode for TALEs. Moreover, each of the 34 to 35 amino acid repeats
was highly conserved, albeit with differences in residue identities at positions 12 and 13 known
as repeat variable diresidues (RVDs). Further work showed that the amino acid identities in the
RVDs determined the DNA binding sequence, which led researchers to elucidate the binding
code for TALEs (43). Following this advance (43, 44), researchers realized that nuclease domains
could be fused to TALE proteins to generate site-specific gene editing tools (45), which spurred
a rapid increase in applications beginning in 2011. TALENs were quickly adopted for genome
editing in rice (46), zebrafish (11), mice (47), and human stem cells (9). Moreover, the commercial
gene editing company Cellectis, along with Life Technologies, acquired the commercial rights
to TALENs around this time (1) and began building a gene therapy method based on TALEN-
modified off-the-shelf T cells. At the 2015 meeting of the American Society of Hematology,
Cellectis announced clinical trial results for the first patient treated via its engineered CAR-T
therapy for the treatment of leukemia.

Reconciling Dynamic DNA Search with a Superhelical Protein Structure

Despite the pervasive use of TALENs for gene editing applications, the DNA sequence search
mechanism of these proteins was not well understood. The molecular structure of TALE proteins
was determined by two independent labs in 2012 (48, 49). TALEs adopt a superhelical structure
with no close structural analog; the mitochondrial transcription factors mTERF are perhaps the
closest analogs in terms of structure (50). Indeed, structural studies confirmed earlier genomics
work suggesting that TALE structure was highly unique among the broad class of DBPs (44).
From a broad perspective, development of precise and efficient gene editing systems for human
therapies based on TALE proteins requires a molecular-level understanding of the DNA search-
and-recognition process for these proteins.

Most existing models for the sequence search mechanism of DBPs are based primarily on
proteins that do not encircle (or only partially encircle) the DNA double helix during nonspecific
search. However, these models are not immediately applicable to TALE proteins, given the distinct
superhelical structure of TALEs in the specifically bound state. A crystal structure of a TALE
protein in the absence of DNA showed an extended helical structure, out of phase with the normal
pitch of natural B-form DNA (49). Interestingly, cocrystal structures of TALE proteins bound to
target DNA showed a compressed helical structure that tightly tracks the major groove of DNA,
without apparent distortion of the DNA structure (49). Recent molecular dynamics simulations
revealed an inherent plasticity in TALE structure, providing evidence that the DNA-free and
DNA-bound TALE structures could interconvert in a fluid helical extension/compression model
(51). Despite these insights, however, the structure of TALE proteins bound to nonspecific DNA
was unknown. From this perspective, single-molecule techniques can play a key role in revealing
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NTR: N-terminal
region of TALE
protein

CRD: central repeat
domain of TALE
protein

CTR: C-terminal
region of TALE
protein

the dynamic sequence search mechanism of TALEs along nonspecific DNA, which would uncover
additional information beyond static crystal structures.

Previous studies of TALE structure and binding suggested that TALEs might follow a 1D
sliding mechanism during search, closely tracking the DNA backbone, given their superhelical
structure (17, 52, 53). However, if TALEs adopted a tight superhelical conformation during
nonspecific search (similar to that in the specifically bound state), then the energy landscape
between random and target sequences might be too similar to allow for rapid search along a DNA
template. The search speed-stability paradox (54) refers to the fact that stable target recognition
(in the specifically bound state) and rapid search (in the nonspecifically bound state) cannot be
reconciled, considering that natural DNA does not have sufficient chemical diversity to allow for
these behaviors to realistically occur. A recent computational study on the energetics of TALE
target binding revealed that TALE specificity arises primarily from negative discrimination by
the RVDs, which supports this hypothesis (55). Indeed, the majority of TALE binding energy is
conferred by nonspecific electrostatic interactions with DNA. Therefore, a TALE search process
in which protein conformation was similar between search and bind modes would be prohibitively
slow.

Herein lies a major perplexing question regarding the fundamental search mechanism of TALE
proteins. On one hand, TALEs recognize target sites via RVDs by negative discrimination, which
requires that the RVDs sample local DNA sequence. On the other hand, a dominant amount of
binding energy conferred via nonspecific electrostatic interactions suggests that a TALE protein
tightly associated with a DNA template would result in an incredibly slow search process. How do
TALE proteins move along DNA in search of their target sites? This question can be addressed
by using single-molecule techniques to study the DNA search process for TALEs.

Uncovering the DNA Search Mechanism for TALEs: Single-Molecule Tracking

Cuculis et al. (56) recently used SMFM to study the search process for TALEs along nonspecific
DNA (Figure 2). In this work, TALE proteins were specifically labeled with a single organic dye
by using a genetically encoded aldehyde tag, thereby enabling nonperturbative and stoichiometric
fluorescent labeling TALEs for single-molecule imaging. Using this approach, the nonspecific
search dynamics of single TALE proteins could be tracked on long DNA molecules. For these
experiments, custom DNA templates (45 kbp) were stretched and end-tethered at both termini
to a functionalized glass coverslip via biotin-NeutrAvidin linkages, thereby enabling direct visual-
ization of TALE-DNA interactions (Figure 2a,b). TALEs were observed to readily diffuse along
extended DNA templates in a 1D manner. TALE diffusion was rapid and persisted for long times
(on the order of several seconds) before unbinding (Figure 2c). These experiments were the first
to show that TALEs are readily capable of traversing DNA templates using a facilitated 1D search
mechanism. Interestingly, TALE diffusion trajectories showed periods of rapid translocation in-
terspersed with stagnant or attenuated diffusion (Figure 2d). Interspersed periods of slow/fast
diffusion were not expected a priori given the lack of discrete subunits in TALE proteins. Indeed,
other DBPs with multiple subunits have displayed evidence of multimode search mechanisms,
wherein different subunits within a protein are capable of executing a change of function during
search (57, 58).

Although TALE proteins lack discrete subunits, their helical structure can be divided into three
main subdomains: an N-terminal region (NTR) containing nonspecific repeats and a secretion
(T3S) signal, the central repeat domain (CRD) containing tandem arrays of canonical repeats
specifying target site binding, and a C-terminal region (CTR) containing the nuclear localization
signal and an acidic activation domain. Gao et al. (52) recently provided a partial structure for the
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Figure 2
Single-molecule fluorescence microscopy experiments on TALE protein search dynamics (56). (a) Schematic of single-molecule assay
showing dual-tethered DNA templates and fluorescently labeled TALE constructs. (b) Single-molecule images of nonspecific DNA
templates (postlabeled with fluorescent dye following TALE diffusion experiments) and single TALE proteins bound to a DNA
template. (c) Kymograph showing that TALEs readily diffuse along DNA templates (shown here at 500 mM KCl). (d ) Individual
molecular trajectory of TALE search along DNA at physiological ionic strength. Results show heterogeneous diffusive behavior, with
periods of rapid diffusion interspersed with attenuated diffusion, suggesting a two-state mechanism for DNA search. (e) Histogram of
binding lifetimes for full-length TALE proteins shows a multiexponential distribution, which suggests a two-state mechanism for
binding. (inset) Histogram of binding lifetimes for NTR-only TALE truncation mutants, which shows a single exponential distribution
of binding lifetimes. Adapted from References 56 and 61 with permission from Nature Publishing Group. Abbreviations: CRD, central
repeat domain; CTR, C-terminal region; PEG, polyethylene glycol; NTR, N-terminal region; TALE, transcription activator-like
effector.
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NTR, which revealed that the NTR is structurally similar to the CRD. Key differences between
the NTR and CRD include the absence of sequence-specific protein-DNA contacts within the
NTR and an increase in the number of positively charged amino acids in the NTR, particularly
at the far N terminus of the first nonspecific repeat. This study also confirmed earlier hypotheses
that the NTR is necessary for TALE binding (59), as TALE mutants lacking the NTR displayed
no binding via an isothermal titration calorimetry assay. However, the NTR (alone) was observed
to bind DNA in a nonspecific manner, albeit with a lower affinity than a full-length TALE protein
(NTR+CRD+CTR). Overall, these findings led researchers to propose that the NTR may be
responsible for engaging the DNA and nucleating TALE binding, as well as possibly mediating
the nonspecific search of TALEs along DNA (52).

Using SMFM, Cuculis et al. (56) observed the dynamics of TALE NTR-only truncation
mutants lacking the CRD+CTR. Interestingly, their results showed that the NTR-only mutants
are capable of rapid 1D diffusion along nonspecific DNA. Diffusion trajectories for NTR-only
mutants were significantly more rapid compared with those for full-length TALEs at the same
ionic strength. Importantly, NTR-only mutants lacked the characteristic periods of slow/fast
heterogeneity observed in trajectories for full-length TALEs. In addition, full-length TALEs
exhibited multimodal binding lifetimes along nonspecific DNA templates, whereas NTR-only
mutants showed single-mode binding (Figure 2e). Moreover, TALE mutants lacking the NTR
did not bind to DNA. Taken together, these results support a model for TALE binding in which
the NTR nucleates initial binding and mediates short, rapid nonspecific search. Following DNA
binding by the NTR, the CRD is then able to engage in local sequence checking events interspersed
with periods of rapid nonspecific search along DNA. This model was further supported by the
observation that the 1D diffusion coefficient for TALE proteins decreases upon increasing the
size of the CRD.

Although these experiments showed that TALE proteins exhibit rapid 1D search on DNA,
the precise nature of the search mechanism was unclear. Seminal work by Winter et al. (60)
laid out a framework for interpreting the salt dependence of protein diffusion on DNA, broadly
classifying DBP search as sliding or hopping along DNA templates. A DBP with a salt-dependent
diffusion coefficient is characterized as engaging, at least partially, in hopping events involving
dissociation/reassociation of the protein during search along DNA. Conversely, a DBP with a salt-
independent diffusion coefficient is characterized as searching DNA via a pure sliding mechanism,
such that the DBP could track the major groove of DNA during diffusional search.

To further probe the DNA search mechanism of TALE proteins, Cuculis et al. (61) presented
a second single-molecule study on TALE search dynamics. Here, TALE diffusion along DNA
was studied while varying the ionic strength of the solution over more than an order of magni-
tude, which revealed a strong salt dependence on TALE 1D diffusion coefficients (Figure 3a–c).
These results suggest that TALEs search DNA by hopping behavior in the classical picture by
Winter et al. (60), which may involve short dissociation/reassociation events. However, consid-
ering the crystal structure of a TALE protein specifically bound to DNA in a tight superhelical
conformation, this result was unexpected.

Cuculis et al. (61) further quantified the magnitude of the ionic strength dependence for
a series of TALE proteins, including an NTR-only mutant and full-length TALEs with 11.5,
15.5, and 21.5 repeats in the CRD. The number of repeats in the CRD (and hence the over-
all size of the TALE construct) was found to be directly related to the salt sensitivity of the
1D diffusion coefficient (Figure 3b,c). These results suggested that TALE CRDs engage DNA
during search, which could be accomplished if TALEs are fully wrapped around the DNA helix
during nonspecific search. Interestingly, however, the NTR-only mutant showed no apparent
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Figure 3
Single-molecule studies of TALE search along nonspecific DNA. (a) Individual molecular trajectories of TALE search along DNA at
different ionic strengths. (b) One-dimensional diffusion coefficient for a TALE protein with 21.5 repeats in the CRD as a function of
salt. (c) Salt sensitivity of the 1D diffusion coefficient for TALE proteins with different-sized CRDs. TALE diffusion was found to be
strongly salt dependent, in a manner that was directly related to the length of the TALE CRD. (d ) Single-molecule hydrodynamic flow
assay showing that TALE diffusion could be strongly biased in the direction of an applied flow. (e) Schematic of proposed search
mechanism for TALE proteins, wherein TALEs encircle DNA templates but remain loosely associated with the DNA backbone, which
enables a rapid, rotationally decoupled search mechanism. Adapted from Reference 61 with permission from Nature Publishing Group.
Abbreviations: CRD, central repeat domain; CTR, C-terminal region; NTR, N-terminal region; TALE, transcription activator-like
effector.
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crRNA:
short CRISPR RNA

tracrRNA:
trans-activating
crRNA

sgRNA: single guide
RNA

PAM: protospacer
adjacent motif

ionic strength-dependent 1D diffusion. NTR-only diffusion events were observed to be short in
duration and lacked the characteristic heterogeneity of full-length TALEs. These mechanistic
insights suggested that the NTR is responsible for engaging in short, 1D sliding events that can
transition into longer-duration nonspecific searching events for full-length TALEs.

These results suggest that TALE proteins undergo a hopping mechanism during nonspecific
DNA search, yet the residues in the TALE CRD are engaged with the DNA backbone dur-
ing the search process. These two observations present an apparent conundrum that was further
reconciled by single-molecule experiments. Cuculis et al. (61) performed a series of additional
experiments in which a hydrodynamic flow is applied in the direction parallel to DNA backbones
during TALE search. In this way, a hydrodynamic force is applied to TALE proteins undergo-
ing diffusion along DNA, thereby biasing TALE diffusion in the direction of fluid flow. It was
observed that the diffusional bias is a function of the ionic strength of the imaging buffer. At
supraphysiological ionic strengths, single TALE proteins can be pushed distances of ∼10+ kbp
along DNA templates, effectively pinning single TALEs at the DNA terminus near the chemi-
cal linkages to coverslip surfaces. During this process, TALEs remain bound to DNA templates
despite the external flow force. These data suggest that TALEs adopt a loosely wrapped helical
conformation that encircles DNA templates during nonspecific search (Figure 3d). A third set of
experiments examined the size dependence of TALE diffusion, which revealed that TALEs follow
a rotationally decoupled trajectory during nonspecific search. Strikingly, this mechanism of non-
specific search is in stark contrast to the majority of other DBPs that use a 1D search mechanism
and follow a pure rotationally coupled trajectory during diffusion along DNA.

Taken together, these findings provided support for an apparently distinct mechanism of non-
specific search, wherein TALE proteins are fully wrapped around the DNA backbone yet loosely
associated with DNA template during search (Figure 3e). TALEs primarily diffuse along DNA
in a rotationally decoupled trajectory, essentially traversing DNA like a washer along a screw, as
opposed to a nut along a screw. In this way, SMFM enabled a new picture of TALE sequence
search along DNA templates.

SINGLE-MOLECULE STUDIES OF THE CRISPR/CAS9 SYSTEM

The CRISPR/Cas system is naturally found in prokaryotes, where it functions as an adaptable
immune system capable of identifying and disabling invasive DNA (62). In this system, exogenous
DNA is recognized and incorporated into the CRISPR loci by Cas proteins. Short CRISPR RNA
molecules (crRNAs) are then generated, which allows the Cas nuclease to specifically identify
and target invasive DNA harboring previously incorporated sequences. Moreover, RNA-DNA
complementarity in DNA recognition ensures that the Cas nuclease is able to lock on to its target
and proceed with nicking or progressive degradation (13).

Cas9 is a type II CRISPR-Cas protein that lies at the heart of CRISPR-mediated gene engineer-
ing applications. Cas9 is the only nuclease required for complete immunity-generation function
and can act without additional protein partners, and this feature differentiates type II CRISPR sys-
tems from the type I and III systems that require an additional endoribonuclease (63). Early studies
exploring the repurposing of Cas9 for creating targeted double stranded breaks in DNA identified
the naturally defined three-part system: Cas9 protein, the target-defining crRNA, and the trans-
activating crRNA (tracrRNA). These studies led to the design of a combined crRNA:tracrRNA
(termed sgRNA), reducing the Cas9 programmable nuclease to just two components. A critical
requirement for Cas9 targeting is the three-nucleotide protospacer adjacent motif (PAM) occur-
ring downstream on the opposite strand from the DNA target, which places some limitations on
genomic locations suitable for Cas9-mediated editing. Similar to TALEs, there have been reports
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of Cas9 off-target binding (64), which underscores the need for a complete understanding of Cas9
binding and the factors influencing specificity.

DNA Search Mechanism for CRISPR/Cas9: In Vitro Single-Molecule
Fluorescence Techniques

TALEs undergo rapid 1D diffusion along DNA during target site search. How does Cas9 locate
target sites? The sequence search mechanism for Cas9 was recently investigated using SMFM,
providing an intriguing answer to this question. Sternberg et al. (65) used arrays of long DNA
molecules aligned side by side (known as DNA curtains) to directly visualize the dynamics of
Cas9 interacting with DNA in search of target sites (Figure 4a–c). This approach allows for
multiplexed visualization of Cas9/DNA interactions in the presence or absence of applied flow,
which facilitates data collection on several DNA templates in a single experiment (Figure 4c).
Using a nonperturbative, genetically encoded FLAG tag and anti-FLAG conjugated quantum dots,
these researchers observed Cas9 binding to bacteriophage lambda DNA templates (Figure 4b,c).
Strikingly, Cas9 does not engage in any measurable 1D diffusion along DNA templates via sliding
or apparent hopping. Instead, Cas9 randomly samples DNA sequences using only 3D collisions.
This behavior is distinctly different than the DNA search mechanism for TALE proteins, which
move along DNA using facilitated 1D diffusion.

Singh et al. (66) further studied Cas9 binding events using an smFRET assay with fluorescently
labeled sgRNA and DNA templates (Figure 5). Here, Cas9 binding appeared to be a one-step
event at target sites, at least within the 100-ms sampling rate for data acquisition. In addition, Cas9
binding events were observed to occur at nontarget sites characterized by lower FRET values.
Indeed, Cas9 binding events revealed by intermediate FRET values suggest that Cas9 might be
capable of local, rapid diffusion over a few base pairs during binding, and this behavior was termed
as the sampling mode for Cas9 binding. Nevertheless, putative local diffusion by Cas9 would occur
over significantly shorter distances compared with the long-range DNA diffusion events observed
for TALEs.

Interestingly, neither the kinetics of Cas9 binding to target sites (long-lived) nor the kinetics
of Cas9 binding to nontarget sequences (short-lived) were affected by solution ionic strength (65).
Several DBPs (including TALEs) strongly depend on nonspecific electrostatic interactions with
the DNA backbone to nucleate binding; however, Cas9-sgRNA interactions with DNA appear
to be far less dependent on electrostatic effects. From this view, Cas9-sgRNA binding is thought
to be highly sequence specific, driven primarily by the presence or absence of the PAM and the
sequence complementarity proximal to the PAM region. Indeed, single-molecule studies have
revealed that Cas9 preferentially samples PAM-enriched sequences (65, 66). This observation can
be further explained by the directionality of the RNA-DNA heteroduplex that forms with the
PAM sequence, which is further discussed below.

A recent crystal structure of Cas9-sgRNA bound to its DNA target revealed the molecular
details of the PAM binding site, which is composed primarily of two conserved arginine residues
that interact with the GG component of the PAM (67). Taken together with studies that underscore
the necessity of the PAM for Cas9 activity, these findings suggest that Cas9 searches DNA rapidly
via 3D diffusion. During search, Cas9 exhibits an increased dwell time near PAM regions owing
to favorable binding interactions between the PAM and arginine residues, together with local
sequence melting as the DNA-RNA heteroduplex initially begins to form. At PAM sites, Cas9
can either engage the local DNA sequence further via local sequence melting or unbind relatively
quickly (on timescales of milliseconds or faster) without spending excess time at nontarget sites.
In this way, Cas9 is able to strongly bias the tedious interrogation of local sequences to those sites
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Figure 4
Single-molecule investigation of Cas9 binding and DNA cleavage in vitro (65). (a) Schematic of DNA
curtains single-molecule assay. (b) Schematic of protein construct and binding sites along the DNA template.
FLAG-tagged Cas9 and anti-FLAG-functionalized quantum dots were used to directly visualize Cas9
binding to bacteriophage lambda DNA templates. (c) Single-molecule images of Cas9 binding to DNA using
the DNA curtains assay. By modifying the sgRNA in the Cas9-RNA complex, the fluorescently labeled Cas9
localized to different target locations on DNA templates. (d ) Catalytically active Cas9 initially failed to cleave
DNA templates at target sites; however, a stringent wash (7M urea) resulted in release of the two cleaved
ends of DNA at the site of the double strand break. Adapted from Reference 65 with permission from
Nature Publishing Group. Abbreviations: crRNA, short CRISPR RNA; tracrRNA, trans-activating crRNA.

containing a PAM. The inherent bias in DNA sequence search greatly aids efficiency and helps
to explain the observed lack of 1D facilitated diffusion for Cas9.

Tracking Single Cas9 Proteins in Live Cells

Moving beyond in vitro single-molecule experiments, the dynamics of single Cas9 proteins were
recently observed by in vivo imaging experiments by Knight et al. (68). Imaging single biomolecules
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Figure 5
Application of single-molecule FRET (smFRET) to the study of Cas9 binding to target and mismatch DNA
templates (70). (a) Schematic of smFRET assay. Custom-designed short DNA templates were labeled with a
FRET donor (Cy3), and Cas9-sgRNA was labeled with a FRET acceptor (Cy5). DNA templates (right) were
designed to probe target mismatches proximal and distal to the protospacer adjacent motif (PAM).
(b) Fraction of Cas9 binding to different DNA sites showing that PAM-proximal mismatches strongly
affected Cas9 binding, whereas multiple PAM-distal mismatches were relatively well tolerated. Adapted from
Reference 70 with permission from Nature Publishing Group.

in living cells with high spatiotemporal resolution presents additional challenges that are not
encountered in in vitro single-molecule imaging studies. In particular, it can be challenging to
specifically conjugate sufficiently bright and photostable fluorophores to endogenously produced
biomolecules. By using a genetically encoded HaloTag, which enabled covalent conjugation of a
bright and photostable cell-permeable dye (69), 2D and 3D tracking of Cas9 was carried out in
live mouse fibroblast cells (Figure 6a).

To assess Cas9 dynamics in fibroblasts, fluorescently labeled H2B and Sox2 proteins were also
imaged and tracked. By using this approach, the dynamic behavior of Cas9 could be compared
to both binding-dominant nuclear proteins (H2B) and those displaying a mixture of binding and
diffusion (Sox2) (Figure 6b,c). Direct comparisons with H2B and Sox2 show that Cas9 spends
the overwhelming majority of time engaged in 3D diffusion during sequence search when there
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In vivo SMT of Cas9 binding (68). (a) Schematic of experiment showing a dCas9-HaloTag construct conjugated with cell-permeable
dyes to enable real-time in vivo tracking of Cas9 in mouse 3T3 cells. (b) Cumulative distributions of diffusion coefficients for different
proteins as determined by live-cell SMT. Comparing the diffusion of the Cas9 construct targeted to chromatin binding proteins (H2B,
which remains stably bound, and Sox2, which both binds to and diffuses along DNA), Cas9 lacking a target site diffused more rapidly
(orange, Nonsense) than both proteins, indicating that Cas9 primarily uses 3D diffusion. In contrast, Cas9 targeted to the SINE B2
repeats in the mouse genome (∼300,000 sites), which appeared to follow the behavior of the stably bound H2B and Sox2.
(c) Histograms showing distributions of diffusion coefficients for TALEs with PAM-proximal mismatches appeared similar to those of
Cas9 with nontarget sgRNA, whereas distributions for TALEs with PAM-distal mismatches appeared similar to the distributions of
diffusion coefficients of Cas9 targeted to the SINE B2 repeats. Adapted from Reference 68 with permission from the American
Association for the Advancement of Science. Abbreviations: 3T3s, 3T3 cells; PAM, protospacer adjacent motif; SMT, single-molecule
tracking; TALEs, transcription activator-like effectors.

is no endogenous target for the Cas9-bound sgRNA guide (Figure 6b,c). These in vivo results
are consistent with prior in vitro single-molecule experiments showing the apparent absence of
1D diffusion during DNA sequence search (65). Furthermore, the importance of the PAM in
nucleating substantive Cas9-DNA binding events was further confirmed using in vivo SMFM
experiments. Cas9 with sgRNA containing PAM-proximal mismatches to the SINE2 repeats
(target sequence) behaved nearly identically to Cas9 with nonsense sgRNA, whereas PAM-distal
mismatches appeared to be tolerated (Figure 6c).

Although the complex higher-ordered structure of eukaryotic chromatin is challenging to
recreate in vitro, live-cell in vivo imaging can be used to study the interactions between Cas9
and chromatin during different states of compaction. By selectively illuminating regions of het-
erochromatin via eGFP-tagged heterochromatin protein 1, DNA search trajectories of single
Cas9 proteins could be superimposed onto the locations of heterochromatin regions (68). Here,
Cas9 displays a clear decrease in search trajectories within regions of heterochromatin, which is
likely due to the densely compacted higher-order structure in these regions compared with eu-
chromatin. In addition, there was a marked slowdown in the rate of diffusion of Cas9 proteins
within heterochromatin regions compared with whole-nucleus diffusion. Despite both a reduc-
tion in sampling of heterochromatin and a slowdown of target search in these regions, Cas9 was
nevertheless readily able to localize to target sites within known heterochromatic regions. These
results indicate that the search process is guided by mechanisms allowing for successful navigation
through crowded macromolecular environments.
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Effects of Target Mismatch on Cas9 Binding

Single-molecule techniques can be used to study the impact of target site mismatches on Cas9
binding, which is a particularly important aspect of gene editing technologies. Singh et al. (70)
systematically studied Cas9 binding to an array of DNA templates with engineered mismatches
using smFRET (Figure 5). PAM-distal mismatches are significantly better tolerated than PAM-
proximal mismatches (Figure 5b). In particular, these results showed that Cas9 binding was only
minimally impacted when up to 13 mismatches from the PAM-distal end of the DNA binding
site were introduced. In contrast, only two mismatches at the PAM-proximal end of the binding
site were required to significantly reduce Cas9 binding. smFRET allows for a high spatiotemporal
resolution, which further enabled a systematic study of the impact of target site mismatches on
Cas9 binding kinetics. These results showed a sharp increase in Cas9 binding lifetimes when >7
base pairs of heteroduplex (PAM-proximal target match) formation were permitted. Here, Cas9
binding times increased from <1 to ∼8 s and further to ∼16 s as the heteroduplex formation was
increased from 6 to 7 and further to 8 base pairs.

Cas9 Target Recognition and R-Loop Formation: Single-Molecule
Fluorescence and Force Spectroscopy

Moving beyond Cas9 target search, single-molecule imaging has also been used to study Cas9
binding to target DNA sites. Using the DNA curtains assay, Sternberg and colleagues (66) designed
sgRNAs that localized fluorescently labeled nuclease-deficient Cas9 mutants (dCas9) to 6 different
20–base pair locations along the dual-tethered DNA substrate (Figure 4c). As expected, dCas9
with these specific guide sequences overwhelmingly localized at the desired target locations. These
experiments revealed an additional key insight regarding the nonspecific interactions between
Cas9 and DNA. Here, the authors observed a bi-exponential distribution of Cas9 binding times
to DNA templates, which was attributed to the formation of multiple intermediates preceding the
formation of a stably bound complex.

Formation of an R-loop is a fundamental step in the CRISPR-mediated degradation of inva-
sive DNA. Therefore, the molecular-level details affecting R-loop formation and stability may
offer valuable insight into the rational design of improved CRISPR/Cas-mediated gene edit-
ing approaches. Szczelkun et al. (71) used a magnetic tweezers assay to observe Cas9-mediated
R-loop formation on individual DNA templates in real time. The PAM region dictated the rate of
formation of R-loops but not R-loop stability. By systematically mutating PAM elements on a tar-
get DNA template and probing for R-loop formation kinetics and stability, Cas9 was significantly
more stringent in accepting PAM mutations leading to R-loop formation compared with Cascade,
which is a type I CRISPR nuclease complex. Potential R-loop formation events at PAM-mutated
sites, however, did not display a reduced stability. Furthermore, Szczelkun et al. (71) demonstrated
that whereas Cas9 R-loop formation kinetics were not impacted by PAM-distal mismatches (pro-
tospacer mismatches), the stability of R-loops was closely linked to the extent of PAM-distal mis-
matches, in an apparent all-or-none threshold. From this perspective, this study reinforced the
importance of the PAM in target search and initial DNA binding, while revealing the importance
of PAM-distal sites on the stability of R-loop formation, which is critical for a cleavage event.

Conformational Changes upon Cas9 Binding: Single-Molecule
Force Spectroscopy

Whereas single-molecule fluorescence-based tracking experiments can provide rich molecular-
scale information regarding the dynamics of protein-DNA interactions, single-molecule force
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spectroscopy can be used to resolve intramolecular changes with high levels of detail. Josephs
et al. (72) recently used AFM to study Cas9/dCas9 binding to a variety of DNA templates. Using
engineered target site mismatches in DNA templates, these authors were able to uncover several
details of the underlying target recognition pathway (Figure 7). In particular, AFM was used to in-
vestigate the conformation of Cas9 bound to several different DNA templates. dCas9-sgRNA was
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observed to adopt an elongated, egg-shaped structure when bound to nontarget DNA. However,
dCas9-sgRNA complexes were found to adopt a round conformation with a large central bulge
when bound to target DNA, which is consistent with the open conformation for nuclease activity
proposed by Jinek et al. (73) in a crystallographic/electron microscopy study (Figure 7d,e). Josephs
et al. (72) correlated the observed structures with their relative location along the engineered DNA
templates. In this way, as the degree of sequence mismatch distal to the PAM increases, the struc-
ture of Cas9 transitions to the elongated, egg-shaped conformation (Figure 7e). These results
are consistent with the so-called conformational gating mechanism, whereby sgRNA base pairing
with PAM-distal sites will act to stabilize the active conformation of the Cas9 complex, thereby
allowing for DNA cleavage.

Cas9-Mediated dsDNA Cleavage Events: Single-Molecule
Fluorescence Imaging

The majority of single-molecule experiments on the Cas9 system have used the nuclease-deficient
dCas9; however, a handful of studies have examined the dynamics of natural Cas9 nuclease activity.
Using the DNA curtains single-molecule assay, Sternberg et al. (65) found that DNA templates
bearing target sites for Cas9 appeared to remain intact despite the persistent binding of enzymat-
ically active Cas9 for minutes or longer. Separation of cleaved DNA templates at the engineered
Cas9 binding site was observed only under highly disruptive conditions (7M urea) (Figure 4d).
The insights provided from single-molecule imaging suggested that Cas9 is a single-turnover
enzyme, which was further corroborated using bulk enzymatic cleavage assays. Singh et al. (66)
repeated these experiments using an smFRET assay, and it was again found that highly denatur-
ing conditions (7M urea) were required to observe a loss of fluorescence signal indicating DNA
cleavage and release of the DNA template from the coverslip surface.

In related work, Josephs et al. (72) revealed a slight difference in the conformational change
upon target binding of dCas9 versus Cas9 that may be attributed to additional conformational
changes during cleavage. Moreover, Sternberg et al. (74) used bulk FRET experiments to probe
the intramolecular conformational changes of Cas9 during cleavage. Importantly, this study re-
vealed that a conformational change in the HNH nuclease domain of Cas9 is a critical layer of
security in preventing off-target cleavage. Taken together, the collection of recent single-molecule
studies has provided clear evidence for off-target Cas9 binding, even at highly mutated target sites.
Interestingly, however, the bulk FRET experiments by Sternberg et al. (74) show that the critical

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 7
Direct visualization of Cas9 binding and subsequent intramolecular conformational changes (72). (a) Atomic
force microscopy was used to observe Cas9 binding to natural and engineered DNA templates, wherein one
end of DNA templates was labeled with streptavidin to correlate binding locations to sequence. (b) Both Cas9
and dCas9 localized to target sites within both DNA templates, but significant off-target binding at sites
containing PAM-distal mismatches is also observed (right). (c) Analysis of the volume versus height of imaged
Cas9 and DNA streptavidin tags reveals clusters within assigned Cas9 molecules. (d ) The Cas9 in panel c can be
roughly divided into (i ) target-bound Cas9, (ii ) partial mismatch-bound Cas9, and (iii ) fully mismatch-bound
Cas9, with the height and circularity of the Cas9 increasing with target complementarity. (e) Conformational
changes upon increasing target complementarity are visualized for Cas9/dCas9. Mean volumes and heights
of Cas9/dCas9 with sgRNAs (red circles, with red labels for Cas9 and blue labels for dCas9) or tru-gRNAs
( purple circles) bound at each feature on the substrates. dCas9 with tru-gRNAs are expected to interact only
with the first 3 or 8 PAM-distal mismatches of the 5 MM and 10 MM sites (labeled 3 MM and 8 MM here,
respectively). Adapted from Reference 72 with permission from Oxford University Press. Abbreviations:
PAM, protospacer adjacent motif; sgRNA, single guide RNA; tru-gRNA, truncated guide RNA.
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HNH conformational change associated with nuclease activity is highly intolerant of sequence
mismatches, even at PAM-distal sites.

OUTLOOK

Single-molecule techniques have provided fundamentally new insights into the search and recog-
nition behavior of TALEs and CRISPR/Cas9, which have emerged as prominent gene editing
systems. SMFM and single-molecule force techniques allow molecular-scale biological events to
be interrogated at high spatiotemporal resolution, which provides real-time dynamic information
on protein-DNA binding that extends beyond static crystal structures and bulk-scale biochemical
assays. In the context of high-precision genome editing technologies, off-target cleavage events are
of paramount concern for future clinical applications. Moving forward, a clear molecular-level pic-
ture of sequence search dynamics and binding may aid in the rational design of improved TALENs
or Cas9 systems. From this view, SMFM and single-molecule force techniques are poised to play a
key role in further elucidating the dynamic behavior and molecular mechanisms for these systems.

There is a need for further investigation of the temporal dynamics and molecular heterogeneity
underlying individual Cas9 cleavage events. These experiments would further support Sternberg
et al.’s (74) hypothesis that off-target cleavage of Cas9 may be attributed to rapid interconver-
sion between protein conformational states. Moreover, these experiments could be invaluable in
revealing how custom-designed Cas9 constructs would behave under different conditions in the
context of practical gene editing applications.

Conformational changes and the associated plasticity of the TALE superhelical structure have
also been investigated, but only using computational approaches (51). From this perspective,
smFRET experiments could be leveraged to study the intramolecular conformational changes in
TALE proteins to provide a real-time readout of the proposed two-state model for TALE search
involving helical compression/relaxation (56). In addition, intermolecular smFRET studies of
TALE binding to a systematic array of mismatch DNA templates could provide more clarity on
TALE off-target binding, including the presence or absence of a threshold for stable binding and
further investigation of the reported N-terminal polarity in TALE binding. Similar to studies of
conformational changes of Cas9, these experiments hold the potential to reveal additional design
rules for TALE proteins in minimizing deleterious off-target events.

In addition to single-molecule studies of intramolecular conformational changes, the bottom-
up approach of in vitro single-molecule techniques can be significantly expanded to study addi-
tional aspects of protein search and binding. From this perspective, there have been no reported
studies of search and binding for gene editing proteins interacting with additional chromatin-
binding proteins. Prior single-molecule studies of other systems have explored how protein-
protein interactions affect DBP search (75–77), and these experiments could be imported to study
gene editing proteins to provide an increased understanding of the kinetics of TALE/Cas9 search
and binding.
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