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DNA stretching induces Cas9 off-target activity

Matthew D. Newton©®'2, BenjaminJ. Taylor ©3, Rosalie P.C. Driessen*, Leonie Roos®*,
Nevena Cvetesic®>¢, Shenaz Allyjaun'?, Boris Lenhard ©>%7, Maria Emanuela Cuomo3®* and
DavidS.Rueda®"2*

CRISPR/Cas9 is a powerful genome-editing tool, but spurious off-target edits present a barrier to therapeutic applications. To
understand how CRISPR/Cas9 discriminates between on-targets and off-targets, we have developed a single-molecule assay
combining optical tweezers with fluorescence to monitor binding to A-DNA. At low forces, the Streptococcus pyogenes Cas9
complex binds and cleaves DNA specifically. At higher forces, numerous off-target binding events appear repeatedly at the
same off-target sites in a guide-RNA-sequence-dependent manner, driven by the mechanical distortion of the DNA. Using sin-
gle-molecule Foérster resonance energy transfer (smFRET) and cleavage assays, we show that DNA bubbles induce off-target
binding and cleavage at these sites, even with ten mismatches, as well as at previously identified in vivo off-targets. We pro-
pose that duplex DNA destabilization during cellular processes (for example, transcription, replication, etc.) can expose these

cryptic off-target sites to Cas9 activity, highlighting the need for improved off-target prediction algorithms.

(CRISPR) RNAs and their associated proteins (Cas) are RNA-

directed programmable endonuclease complexes that can
cleave a specific DNA target in a programmable fashion. Originally
discovered in bacteria and archaea, where they act as an acquired
immunity mechanism against invasive viral DNA and RNA, the
application of CRISPR/Cas to biological research has revolution-
ized genomic engineering, and offers the potential for novel thera-
peutic applications'. The Streptococcus pyogenes-derived Cas9
protein (SpCas9), has been instrumental in demonstrating the
potential for genetic modification using CRISPR/Cas systems. Cas9
is an endonuclease that binds two RNAs to form an active holo-
enzyme (Fig. 1a). The trans-activating CRISPR RNA (tracrRNA)
plays a structural role, whereas the CRISPR RNA (crRNA) contains
a 20 nucleotide targeting sequence that directs the Cas9 complex to
complementary double-stranded (ds) DNA targets. In addition, a
protospacer adjacent motif (PAM, sequence 5'-NRG-3’ for SpCas9)
is required immediately preceding the target®. Once bound at a tar-
get site, two endonuclease domains, HNH and RuvC, cleave the
DNA to generate a double-strand break (DSB)".

Cas9 technology has been successfully utilized in a variety of
in vivo applications to generate sequence deletions, insertions and
to regulate gene expression by coupling to activator or repressor
accessory proteins'~’~. However, spurious off-target DSBs rep-
resent an important barrier that hinders its use for therapeutic
applications'"'%.

The mechanism by which the Cas9 complex binds and cleaves
targets, and off-targets with a small number of mismatches, has been
extensively studied by a combination of in vitro bulk assays, crystal-
lography, computational and single-molecule approaches'®*=*. The
initial Cas9-DNA interaction is mediated by recognition and bind-
ing of the PAM site, which in turn facilitates PAM-proximal DNA
melting, allowing directional probing of complementarity between
the potential target site and the crRNA to form a stable R-loop'**"*.

Clustered regularly interspaced short palindromic repeat

Binding and cleavage exhibit differential requirements of comple-
mentarity across the 20 base pair (bp) target. High-stability bind-
ing requires at least 7-9 matched PAM-proximal bases; in contrast,
as few as 4 mismatches in the PAM-distal end have been shown to
hinder cleavage but not binding*>*. On the basis of these and other
studies, algorithms have been developed to predict off-target activ-
ity and high specificity Cas9 proteins have been produced, with the
aim of minimizing Cas9 promiscuity’»***-**. However, sequencing-
based approaches have experimentally validated numerous Cas9
off-targets that remain unexplained by such algorithms'*~', raising
the interesting question of how the Cas9 complexes bind and cleave
off-targets.

To address this question, we have used a combination of optical
tweezers with confocal microscopy and microfluidics to monitor
fluorescently labeled Cas9 complex binding in real time on force-
stretched A-DNA with single-molecule resolution (Fig. 1a). Our data
show that mechanically distorting the DNA induces stable off-target
binding at sequence-specific sites across the DNA. We validate three
of these off-target binding sites, which contain as many as 10 mis-
matches, by smFRET binding and bulk cleavage assays. Together
these experiments demonstrate that partially unwound or melted
DNA helps recruit Cas9 to bind and cleave previously unseen cryp-
tic off-target sites. We further test our model using four bona fide
in vivo off-targets and demonstrate that these sites are only cleaved
when the dsDNA structure is disrupted. In cells, such cryptic sites
could be made accessible by processes such as transcription, replica-
tion, DNA repair or (local) DNA supercoiling.

Results

SpCas9 binds low force-stretched A-DNA tightly and specifically.
To monitor Cas9-DNA interactions in real time with single-mole-
cule resolution, we combined optical tweezers with confocal fluo-
rescence microscopy and microfluidics (Fig. 1a)**!. We assembled
Cas9 complexes with a 5'-Cy3-labeled crRNA, unlabeled tracrRNA
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Fig. 1| Cas9 binds and cleaves DNA tightly and specifically at low force. a, Diagram of force-stretched A-DNA. DNA tethered between trapped beads,
Cas9 complex is labeled using 5’-Cy3 on A2-crRNA. Microfluidic set-up: 1. bead channel, 2. DNA channel, 3. buffer-only channel, 4. imaging channel. b,
Confocal image of A-DNA at 5pN with 10 nM A2-crRNA-dCas9 at expected binding site, and kymograph dCas9 bound >30 min. ¢, A-DNA at 5pN with
20 nM dCas9 with 5’-Cy3-labeled A2-crRNA (green) or 5'-Cy5-labeled A4-crRNA (red). d, Kymograph and force-ramp of A-DNA with wtCas9 in the
absence and presence of Mg?*. Cleavage is observed at 60s (43 pN) as loss of fluorescence (white arrow) and force (black arrow). e, Force-extension
curves showing DNA cleavage and distribution of corresponding rupture forces (n=11). f, Confocal image of post-cleavage flow-stretched A-DNA with

wtCas9 bound to DNA on lower bead. Scale bars Tpm.

and catalytically inactive dCas9 (Fig. 1a). We chose a previously
characterized crRNA sequence that specifically binds a unique target
site (A2, at 18kilobases (kb)) on A-DNA (Supplementary Table 1)".
Phage A-DNA was linked to two 4.5 um polystyrene beads through
biotin-streptavidin interactions and stretched under 5pN force
(Fig. 1a), sufficient to stretch the DNA to its contour length
(~16 um) but without altering base pairing of the two strands*. In
the presence of labeled A2-crRNA:tracrRNA:dCas9 complex, we
observed a single binding event at the expected location (Fig. 1b),
which remained site-specifically bound for >30min (n=5), prob-
ably only limited by photobleaching of the fluorophore. This is
consistent with previous observations that Cas9 complex binds tar-
get DNA with very high affinity’’. No binding was observed with
labeled crRNA alone, crRNA:tracrRNA or crRNA-dCas9 complex,
confirming that these events represent stable binding events of the
holoenzyme complex (Supplementary Fig. 1a-c). Binding was also
not observed with a 5-Cy3-crRNA lacking a target site (nt-crRNA)
(Supplementary Fig. 1d and Supplementary Table 1). Then, we
tested if we could monitor two dCas9 complexes targeting two
sites using a second 5'-Cy5-labeled crRNA targeting a different site

(24, at 30.5kb) (Supplementary Table 1)". In the presence of both
dCas9 complexes, we also observed clear specific binding to their
respective targets, as expected (Fig. 1¢). At 5pN, none of the crRNAs
exhibited any off-target binding within the experimental time reso-
lution (~250ms). These data confirm that SpCas9 binds on-target
sites on low force-stretched DNA with high affinity and specificity,
and shows no off-target binding.

Specifically bound Cas9 cleaves DNA and remains bound across
the DSB. Next, we tested whether the Cas9 complex was active
on force-stretched A-DNA. We assembled the complex with Cy3-
labeled A2-crRNA:tracrRNA and catalytically competent wild
type Cas9 (wtCas9) in the presence of EDTA to prevent cleavage.
Fluorescent labeling did not affect wtCas9 activity in control bulk
assays (Supplementary Fig. le). The wtCas9 complex bound its
specific site, as expected, and catalysis was activated by moving the
DNA to a protein-free channel containing 10mM Mg?* (Fig. 1d).
At low force (5pN) cleavage was not observed within 10 s (n=11).
However, gradually increasing the force from 5 to 55pN resulted
in DNA rupture at a force of 40+ 1pN (mean +s.e.m.), revealing
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Fig. 2 | DNA stretching induces Cas9 off-target binding. a, Kymograph of force-stretched A-DNA in the presence of 10 nM A2-crRNA-dCas9 (green)
between 5 and 50 pN, with off-target binding >20 pN. Time-binned intensity histogram (right) shows force dependence and genomic off-target binding
locations (arrow marks on-target site). b, Dwell-time histogram of A2-crRNA-dCas9 off-target bound times at 40 pN and integrated cumulative
probabilities with double exponential fit (bottom) yield lifetimes (z) and amplitudes (A). ¢, Force dependence of off-target lifetimes (top) and amplitudes.
Data for 20 pN were fit to a single exponential. Source data for panels b and ¢ are available online.

that Cas9 had cleaved the DNA but remained tightly bound to the
product complex across the DSB (n=11, Fig. le), consistent with
previous observations'****. While cleavage may occur rapidly
after specific binding at low force, substantial mechanical force
is required to disassemble the post-cleavage complex. It has been
suggested that on dissociation Cas9 remains preferentially bound
to the PAM-proximal side of the break®. In a few instances, where
photobleaching had not occurred before cleavage, we were able to
test this by flow-stretching the cleaved DNA, which revealed the
tagged wtCas9 complex still bound to the cleaved strand (Fig. 1f).
These results demonstrate that the Cas9 complex is active under
our experimental conditions, confirm previous observations that
the complex holds together cleaved DNA ends with high affinity,
and also give the first estimates of the mechanical strength of the
post-cleavage complex.

DNA stretching induces off-target binding. Next, we investigated
how increasing the tension on the DNA affects Cas9 binding. Using
the Cy3-labeled A2-crRNA:tracrRNA:dCas9 complex, we obtained
an on-target binding event at low force (5pN) before increasing the
force to 20 pN (Fig. 2a). At the higher force, we immediately started
to see additional binding events at off-target locations (Fig. 2a, left,
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and Supplementary Video 1). Reducing the force to 5pN results in
dissociation of all off-target-bound complexes from the DNA, with
only the on-target Cas9 complex remaining bound. To determine
the off-target binding locations, we time-binned the kymographs,
and mapped the inter-bead distance to the A-DNA sequence (Fig. 2a,
right, and Supplementary Fig. 1f). The resulting intensity pro-
files at 20 pN show the on-target peak at the expected site (Fig. 2a,
right, arrow), and six off-target peaks distributed over the DNA.
Increasing the force to 30, 40 and 50 pN results in more off-target
binding events (Fig. 2a). To characterize the off-target kinetics, we
obtained dwell times for hundreds of A2-crRNA:tracrRNA:dCas9
off-target binding events across A-DNA held at forces from
20-50pN, and constructed dwell-time histograms (Fig. 2b and
Supplementary Figs. 1f and 2). The resulting cumulative dwell-time
histograms reveal a fast and a slow population of off-target disso-
ciation events (Fig. 2b), except for 20 pN, which only exhibits the
fast population (Supplementary Fig. 2). Interestingly, the lifetime of
both populations remains approximately constant (z;,,=9.0+0.6s
and 7, =61 +8s, mean +s.e.m.) (Fig. 2c) but with a growing slow
population as force increases (Fig. 2¢). This suggests that Cas9 binds
off-targets in two binding modes, a transient (short-lived) and a
meta-stable (longer-lived) mode, the latter becoming dominant at
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Fig. 3 | Off-target binding is crRNA sequence specific. a, Kymograph (left) of force-stretched A-DNA in the presence of 10 nM A2-crRNA-dCas9 (green)
repeatedly stretched to 40 pN and relaxed to 5pN. At 5 pN, only on-target remains bound. Time-binned intensity histogram (right) shows recurrent off-
target binding locations (arrow marks on-target site). b, Kymograph of A-DNA force-stretched to 40 pN in the presence of TnM A4-crRNA- or TnM nt-
crRNA-dCas9. ¢, Mean count, normalized histograms of mapped binding events for the three guides tested (n=1,234, n=797 and n=1,950 for A2, A4 and
nt (no target), respectively). Bin size =500 nucleotides, error bars, +s.d. Source data for ¢ are available online.

higher forces. Together, these data show that stretching the DNA
induces frequent off-target Cas9 binding in a force-dependent fash-
ion at previously unobserved sites.

Off-target binding occurs at non-random, crRNA sequence-
dependentsites. Interestingly, the kymographs and intensity profiles
show many recurrent off-target peak locations at high force, rais-
ing the possibility that off-target binding is non-random (Fig. 2a).
To further test this idea, we pulled a single DNA molecule three
consecutive times at 40pN (Fig. 3a). The resulting kymographs
and intensity profiles again show the same recurrent binding loca-
tions at each pull. Surprisingly, none of the commonly used Cas9
off-target prediction tools (for example, Cas-OFFinder, CCTop or
CRISPOR)***"* were able to predict the large number of off-tar-
get sites observed here, suggesting that these tools may miss many
off-targets. Previous studies have suggested that A-DNA off-target
binding locations correlate with PAM site densities (Supplementary
Fig. 3a), which are unevenly distributed due to the polar GC dis-
tribution across the genome (Supplementary Fig. 3a), rather than
crRNA:DNA sequence complementarity””. In our experiments,
however, the observed off-target binding locations appear to be
highly specific, suggesting that intrinsic features of the A-DNA
sequence are determining binding locations and indicating that oft-
target binding may depend on DNA-crRNA complementarity.

To explore the off-target binding guide-sequence dependence, we
compared the A2-crRNA with A4-crRNA and nt-crRNA. At 5pN, no
off-target binding is observed with either guide (Fig. 1c); however,
increasing the force to 40 pN results in multiple off-target binding
events across the whole DNA (Fig. 3b). These off-target binding
locations are also non-random, occurring repeatedly at the same
genomiclocations (Supplementary Fig. 3b). Interestingly, comparing

the off-target binding locations for all three guides reveals distinct
binding distributions, with many sites unique to each guide (Fig. 3¢
and Supplementary Fig. 3c-f). These data further support the idea
that off-target binding locations are determined, at least in part, by
DNA-crRNA sequence complementarity.

Off-target binding requires both DNA strands. To determine
whether off-target Cas9 binding is driven by the presence of force-
induced nicks or single-strand (ss) DNA, we performed a competi-
tion experiment between nt-crRNA-dCas9 and the single-stranded
binding human replication protein A (hRPA) labeled with eGFP*.
Under our experimental conditions (10nM), hRPA does not bind
small (15-20nucleotide) bubbles on DNA***®, The DNA stretch-
ing force was ramped from 5-65pN, generating increasingly large
regions of ssDNA*»*"* (Supplementary Fig. 3g). Atlow to high forces
(5-60 pN), hRPA-eGFP only binds a small number of DNA nicks and
never competes with dCas9. At the highest forces (60-65pN), the
DNA overstretches, exposing large ssDNA regions that propagate
from the nicks, where hRPA-eGFP binds readily (Supplementary
Fig. 3g, blue patches), but never dCas9 (Supplementary Fig. 3g,h),
showing that Cas9 off-target binding is not driven by nicks or
ssDNA. These results imply that, for stable off-target binding, Cas9
requires both DNA strands in close proximity but not in B-form,
raising the interesting possibility that off-target binding is driven
by small disruptions in the DNA helical structure, such as transient
melting bubbles or other forms of distorted DNA structures such as
DNA breathing, unstacking, supercoiling, etc.

Off-target sequence identification. In an effort to determine the
rules of sequence-dependent off-target binding, we first asked
if sequences similar to the crRNA are enriched within regions
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Fig. 4 | DNA bubbles induce off-target binding and cleavage. a, Experimental (gray) and calculated (black) time-binned intensity histograms for
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Cy5-labeled (red) dCas9 (blue). ¢, Representative single-molecule trajectory with donor (green) and acceptor (red) intensities, and corresponding FRET
(black). Binding results in a high FRET state for ~40 s before acceptor and donor photobleaching. d, FRET histograms of dsDNA and bubbled constructs
with Gaussian fits (gray). e, Denaturing PAGE cleavage assay with double-stranded (ds) and bubbled (bub) A2 off-target substrates. Bubbled substrates
show cleavage, except in the absence of Mg?* or with a non-related control A4-crRNA guide. f, Relative cleavage efficiencies of off-target constructs

with different bubble sizes. Quantification of the assay shown in e, n=3 independent experiments, mean +s.d. Uncropped gel images are shown in

Supplementary Dataset 1. Source data for f are available online.

recurrently bound by the Cas9 complex. The A-genome was
scanned for each of the three 20-nucleotide crRNA sequences, ini-
tially without considering PAM requirement, at different matching
thresholds. Apart from the on-target site for A2 and A4, additional
sites were only identified when the match requirement was lowered
to 60% sequence similarity to the crRNA. There was no substan-
tial enrichment of 60% match sites within binding peaks compared
with outside peaks. Furthermore, there were no location-specific
nucleotide differences within the 20 nucleotide sequence, nor the
expected PAM site location, which could distinguish recurrent
Cas9-bound regions (Supplementary Fig. 4). De novo motif discov-
ery on all peaks centered on the maximum intensity value did not
reveal underlying motifs either. This analysis suggests that off-target
binding to distorted DNA can tolerate too many sequence varia-
tions (relative to the on-target) to yield a specific sequence motif.
Alternatively, peak location resolution (~500bp) may impede the
emergence of a sequence-specific motif.

In the absence of an emerging pattern in our de novo approach,
we developed a simple thermodynamic off-target binding model
that determines a binding score on the basis of sequence similarity,
presence of PAM site and other factors that have previously been
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shown to influence Cas9 binding (Supplementary Note 1). A theo-
retical off-target binding histogram is calculated by thresholding
and convoluting the resulting score matrix with an experimental
Gaussian point spread function (Fig. 4a). The calculated intensity
histogram predicts 18 potential binding locations, including the
on-target site, and 17 off-targets (Supplementary Table 2). A visual
comparison of the calculated and the experimental intensity histo-
grams shows that at least 9 (50%) of the predicted peaks overlap
with experimental ones, which enables us to identify potential can-
didates for off-target binding (Fig. 4a and Supplementary Table 2).
We selected three of these off-target binding sites for further analy-
sis (Fig. 4a and Supplementary Table 2).

To validate these candidates at zero force, we performed smFRET
experiments with the correct target and the three off-targets from
the thermodynamic analysis (Fig. 4a and Supplementary Tables
1-3). Using surface-immobilized, Cy3-labeled DNA and 5’-Cy5-
A2-crRNA:tracrRNA:dCas9 complex, we can detect binding as a
FRET signal between the donor (Cy3) and the acceptor (Cy5), the
magnitude of which depends on R-loop formation (Fig. 4b)*2. With
fully hybridized on-target DNA, about half of the molecules (46%,
n=2,510) reach a high FRET state (0.95+0.02, mean=+s.d.) as
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expected (Fig. 4c,d, green)*. To mimic a force-distorted DNA
duplex, we mutate the non-target strand of the DNA to avoid
complementarity with the target strand and create a bubble. The
non-target strand sequence is replaced with polythymine, except
where that would result in target-strand base pairing, in which
case it is replaced with a cytosine (Supplementary Table 3).
This full bubble, on-target construct exhibits similar binding
levels (53%, n=2,986) and FRET state (0.94 +0.02) as the fully
dsDNA construct (Fig. 4b, green). This is consistent with the
absence of base-specific interactions between the non-target
strand and Cas9>>*.

In agreement with the low force-stretched experiments (Fig. 1a),
a dsDNA off-target construct (Off-Target 1, OT1; Fig. 4a and
Supplementary Tables 2 and 3) completely abolishes Cas9 binding
(Fig. 4d, yellow). Cas9 binding is rescued, however, with the cor-
responding full bubble construct (68%, n==893, FRET =0.93+0.02;
Fig. 4d), supporting the idea that a melted bubble can recruit Cas9
binding to a cryptic, off-target site. Two additional dsDNA off-
target sequences (OT2 and OT?3; Fig. 4a and Supplementary Tables
2 and 3) confirm that Cas9 does not bind hybridized off-targets,
but binding is rescued by the presence of a melted bubble (78%,
n=1,069, red, and 33%, n=2,062, brown, respectively; Fig. 4d).
No binding was observed between the full off-target bubble con-
structs and Cy5-A2-crRNA:tracrRNA in the absence of protein
(Supplementary Fig. 5a). Interestingly, the conformation of the
bubble-bound complex varies depending on the off-target sequence
(FRET=0.90+0.02 for OT1, 0.50+0.02 and 0.84+0.02 for OT2,
and 0.85+0.02 for OT3; Fig. 4d and Supplementary Fig. 5b). The
two conformations observed for OT2 are in dynamic equilibrium
(Supplementary Fig. 5b). These differences probably arise from the
location and number of mismatches (Supplementary Table 2) which
can affect the structure of the R-loop*. Together these data validate
some of the off-targets predicted by the thermodynamic model and
show that pre-melting the target DNA can induce Cas9 binding to
cryptic off-target sites.

DNA bubbles induce Cas9 off-target cleavage. We next tested
whether these off-targets are active for cleavage. Labeled DNA con-
structs (Supplementary Table 3) were incubated with 5-Cy5-A2-
crRNA:tracrRNA:wtCas9 and imaged by denaturing PAGE with
fluorescence detection (Fig. 4e). As expected, double-stranded on-
target DNA shows complete cleavage after 1 h at 37 °C (Fig. 4e, ON),
whereas double-stranded off-target sequences did not cleave (Fig. 4e,
OT1-0OT3, ds). However, all three off-target bubble constructs
showed substantial levels of cleavage (Fig. 4e; OT1-OT3, bub). No
cleavage was observed in the absence of Mg?* or with an unrelated
control crRNA (Fig. 4e; no Mg?**, AM-crRNA). Cleavage efficiency
of the full off-target bubbles ranges from 18-57% (Fig. 4e.f, “207),
but does not correlate with the number of mismatches, the PAM
sequence (Supplementary Fig. 6a) or the fraction of molecules
reaching the high FRET state (Fig. 4d), suggesting that even tran-
sient R-loop formation may be sufficient to result in Cas9 cleavage.
Together, these results demonstrate that DNA bubbles induce Cas9
binding and cleavage at cryptic target sites containing as many as
ten mismatches, indicating that Cas9 may be more promiscuous
than previously thought.

To further characterize the effect of bubble size and location,
we measured off-target cleavage with bubbles ranging from 0 to
20 nucleotides (Fig. 4f). The data show that only >14-nucleotide
bubbles promote off-target cleavage (Fig. 4f and Supplementary
Fig. 6b), and increasing the bubble size further does not increase
cleavage efficiency. Interestingly, a small (6 nucleotide) PAM-
proximal bubble is sufficient to promote off-target binding but not
cleavage (Supplementary Figs. 5e and 6¢). Small (6 nucleotide) bub-
bles in the middle or PAM-distal region of the DNA are not cleavage
competent either (Supplementary Fig. 6c).

Finally, to determine whether the presence of the non-target
strand or a double-stranded PAM are important for off-target bind-
ing, we measured binding and cleavage to a single-stranded DNA
and a double-stranded PAM DNA (Supplementary Figs. 5c,d and
6d). The data show that the Cas9 complex does not bind or cleave
single-stranded OT1, OT2 or OT3 (Supplementary Figs. 5¢ and
6d). A double-stranded PAM partially rescues binding and cleav-
age (Supplementary Figs. 5d and 6d). However, both the non-tar-
get strand and a double-stranded PAM sequence are necessary for
robust off-target binding and cleavage (Fig. 4d-f).

Discussion

Owing to its ability to function as a straightforward, fully program-
mable gene-editing tool, CRISPR/Cas9 has transformed how cellu-
lar biologists edit and regulate genes in many cell types and in live
organisms. It even holds great promise to function as a therapeutic
tool against both genetic disorders and common diseases such as
cancer’™’'. However, its potential could be hindered by spurious off-
target mutations that cannot be tolerated in clinical applications. It
has, therefore, become essential to understand how Cas9 binds and
cleaves off-targets. To this aim, we have developed an optical twee-
zers assay with fluorescence detection that enables us to monitor
and manipulate Cas9 binding on single DNA molecules. The data
show that Cas9 binds and cleaves low force-stretched DNA tightly
and specifically at a unique target site (Fig. 1). However, distort-
ing the DNA duplex structure with high stretching forces results
in numerous off-target binding events at sites that depend on the
guide sequence (Figs. 2 and 3). Indeed, three different crRNAs yield
three distinct binding fingerprints (Fig. 3b,c), essentially equivalent
to a real-time single-molecule chromatin-immunoprecipitation
(ChIP) experiment in vitro. Competition experiments with hRPA
show that off-target binding does not arise on DNA nicks or large
ssDNA regions. Using a simple thermodynamic model, we identi-
fied at least nine of these off-targets, three of which we validated
at zero force with smFRET and bulk cleavage assays. Interestingly,
Cas9 only binds and cleaves these off-targets at zero force on bub-
bled substrates, confirming that it maintains target accuracy with
fully paired substrates.

There are several factors that will probably influence off-target
binding and cleavage. First, our data with three different crRNAs
clearly show that the guide sequence plays an important role in bind-
ing location. Surprisingly, we find that bubbled substrates increase
Cas9 cleavage tolerance to at least ten mismatches throughout the
target sequence, including multiple mismatches in the seed region
(Fig. 4e). Interestingly, cleavage efficiency is not proportional to the
number of mismatches. For example, OT2 has the largest number of
mismatches (ten) and the highest cleavage efficiency (Fig. 4e), even
though the bound complex conformation is affected by the location
and number of mismatches (as shown by the smFRET experiments;
Fig. 4d). This implies that, in the context of a bubbled substrate,
cleavage may be possible with an incomplete R-loop. Efficient
Cas9 off-target binding and cleavage, however, requires both DNA
strands and a double-stranded PAM. The number of tolerated mis-
matches, particularly in the seed region, is much greater than previ-
ously shown, and the lack of a consensus binding sequence emerging
from the de novo motif search (Supplementary Fig. 4) further sup-
ports the idea of increased promiscuity with bubbled substrates.
Second, the GC content of the target sequence is also probably a fac-
tor. GC-poor sequences are more prone to form bubbles, and there-
fore to facilitate Cas9 off-target binding and cleavage. In agreement
with this idea, two of the guides (A4- and nt-crRNA) exhibit more
binding peaks in the AT-rich regions of A-DNA (Supplementary
Fig. 3b). Last, the density of PAM sequences will also probably play
a role, but this could not be tested with A-DNA because of its high
density of PAM sites (Supplementary Fig. 3a). Future experiments
with other DNA sequences and targets will help determine the
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exact role of each factor and the rules governing off-target binding
and cleavage.

It has been previously shown that the Cas9 target selection
rate-limiting steps are duplex melting and R-loop formation®>.
Therefore, a probable mechanism for Cas9 decreased specificity
is that force stretching lowers the DNA melting barrier, thereby
facilitating R-loop formation, even in the presence of multiple
mismatches. In agreement with this idea, recent experiments
have shown that engineered Cas9 proteins achieve high specific-
ity by hindering DNA unwinding and making it more sensitive to
mismatches’.

Cellular DNA is continually unwound during many fundamen-
tal processes, such as DNA transcription, replication, repair or
chromatin remodeling. During these processes, transiently exposed
10-100-nucleotide-long bubbles may provide many opportunities
to recruit Cas9 complexes at off-target sites, particularly under the
high concentrations present in overexpression conditions. This idea
is in agreement with a genome-wide Chip-seq analysis and GUIDE-
seq data that show that off-targets are enriched in promoters, intron
and exons (potentially transcribed regions)'**. To further test this
hypothesis, we selected four bona fide off-targets validated in vivo.
Our cleavage data with these off-targets show that cleavage is only
observed in the presence of bubbled substrates (Supplementary
Fig. 6e,f), showing that Cas9 is unlikely to cut these off-targets
unless the DNA structure is distorted, for example during transcrip-
tion, DNA replication or DNA damage repair. This effect will be
particularly relevant in actively replicating cell types (for example,
liver cells or thymocytes), which are the desired target for many
therapeutic applications.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
$41594-019-0188-z.
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Methods

RNA and DNA purification, labeling and annealing. tracrRNA was synthesized
by T7 transcription (Supplementary Table 1). Labeled crRNA guides were
synthesized, labeled and HPLC purified by IDT (Supplementary Table 1).
Synthetic, unmodified DNA non-target strand and modified oligonucleotides
were synthesized by IDT (Supplementary Table 1). 5’-Biotin and internal amino
linker-modified target-strand DNA oligonucleotides were labeled with Cy5-NHS
ester and HPLC purified as previously described™. All oligonucleotides were
further purified by 18% denaturing polyacrylamide gel electrophoresis. Equimolar
concentrations of crRNA and tracrRNA were pre-annealed by heating to 90°C
for 1 min in annealing buffer (100 mN NaCl, 50 mM Tris-HCI pH 8 and 1 mM
MgCl,) followed by ~10 min cooling at room temperature. Target DNA synthetic
oligonucleotides were annealed by mixing labeled target strand with unlabeled
non-target strand at a ratio of 1:2 and heating to 90 °C for 2min in annealing
buffer, followed by slow cooling.

Protein purification, storage and complexing. Cas9 and catalytically dead Cas9
(dCas9; D10A and H840A) were cloned and purified as described previously*.
Briefly, a synthetic gene coding for Cas9 or dCas9 with an amino (N)-terminal
6xHN tag and a carboxy (C)-terminal nucleoplasmin NLS sequence was
synthesized and subcloned into pET24a to generate pET24a-Cas9. Escherischia coli
BL21DE3* transformants of pET24a-Cas9 were selected on LB plates containing
100 ug ml~! kanamycin. Large-scale cultures were performed by inoculating 750 ml
of TB media at 37°C, and the cultures grown at 37 °C until A,,~0.6, after which
the culture temperature was lowered to 20 °C and protein production was induced
by the addition of 100 uM IPTG. Incubation was continued overnight. Cas9 was
purified from a cell lysate. After dilution, the Cas9-containing fractions were
loaded onto a 5ml Heparin HiTrap column (GE Healthcare) and eluted with a
linear gradient of NaCl from 0.1 to 1 M, in a buffer containing 20 mM Tris pH 7.5,
and 10% glycerol. The protein was polished by size-exclusion chromatography, on
a Superdex 26/60 column (GE Healthcare) in a buffer containing 20 mM HEPES
pH 7.5, 150mM KCl, 10% glycerol and 1 mM tris(2-carboxyethyl)phosphine.
Fractions containing Cas9 were pooled and concentrated to 10-20 mgml~' and
aliquots flash-frozen in liquid nitrogen. For working stocks dCas9 was diluted to
1.6 pgpl~! in 300 mM NaCl, 10mM Tris-HCI, 0.1 mM EDTA, 1 mM dithiothreitol,
50% glycerol and stored at —20°C.

Single-molecule experiments. For single-molecule experiments Cas9 was first
complexed at 1 uM concentration with a 1:1 ratio of protein to pre-annealed
crRNA:tracrRNA at room temperature for 10 min and subsequently diluted to the
required working concentration with imaging buffer (100 mM NaCl, 50 mM Tris—
HCl pH 8, 1 mM MgCl,, 0.2 mgml~' BSA and the oxygen scavenger system with
5mM protocatechuic acid, 100 nM protocatechuic dioxygenase). hRPA-eGFP was
kindly provided by M. Modesti* and stored in 200 mM KCI, 20 mM Tris pH 7.5,

1 mM dithiothreitol, 0.5 mM EDTA, 10% glycerol at —80°C.

Bulk cleavage assays. For bulk DNA cleavage assays Cas9 was first complexed at

1 uM concentration with a 1:1 ratio of protein to 5'-Cy3-crRNA:tracrRNA at room
temperature for 10 min. Complexed Cas9 (100 nM) was incubated with annealed
DNA (1nM) for 1 h at 37°C. The reaction was stopped by adding loading dye
containing 96% formamide, 40 mM EDTA (20 mM at 1x) and 0.05% SDS (0.025%
at 1x). DNA was loaded on a denaturing 18% polyacrylamide gel and run for ~3h.
Cy3 and Cy5 signals were visualized separately by fluorescence detection with a
Fujifilm FLA-5100 gel imager at 200 pm resolution and quantified using Fiji gel
analysis tools.

Optical tweezers with confocal microscopy. Optical tweezer confocal microscopy
experiments were performed on the commercially available Lumicks C-trap

with integrated confocal microscopy and microfluidics. Protein channels of

the microfluidics chip were first passivated with BSA (0.1% w/v in PBS) and
Pluronics F128 (0.5% w/v in PBS), both flowed through over a period of 30

min. Bacteriophage A-DNA was labeled at either end with biotin as previously
described* and attached to 4.5 -pm SPHERO Streptavidin Coated polystyrene
particles at 0.005% w/v using the laminar flow cell. DNA integrity was verified
before each experiment by generation of force-extension curves from 0-55pN.
For confocal imaging, three excitation wavelengths were used, 488 nm for eGFP,
532nm for Cy3 and 638 nm for Cy5, with emission detected in three channels with
blue filter 512/25nm, green filter 585/75nm and red filter 640 LP.

Mapping kymograph peaks onto the A-DNA genome. Analysis of the location
of binding events was achieved by time-binning the fluorescent intensity signal
between the two beads followed by mapping across the length of the known
A-DNA sequence. DNA orientation was determined on the basis of the location
of the specific on-target binding event and, where possible slight misalignments
may have occurred, were corrected by alignment with the location of the known
on-target site. For binding localization of nt-crRNA-complexed Cas9, DNA
orientation was first determined in a channel containing A2-crRNA-complexed
Cas9 by observing the location of on-target binding before moving to a separate
channel containing the nt-crRNA-Cas9 complex. Mapped binned intensities were
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smoothed using fast Fourier transform and normalized for direct comparison.

On the basis of the location of the raw mapping locations of the on-target A2 site
predicted using this method, we determined our resolution of determining binding
location to be ~500 bp (Supplementary Fig. 1).

Kinetic and binding distribution analysis. For kinetic analysis, binding events
were extracted from kymographs in Image]J using the available macro Ridge
Detection (https://imagej.net/Ridge_Detection) on the basis of a previously
described line detection algorithm® (Supplementary Fig. 1). To minimize ridge
detection errors that occur when multiple binding events occur in close proximity,
low 1 nM concentrations of dCas9 were used for measurements at 35-50 pN and
detected events shorter than 1s were discarded. Detected binding events were
processed using custom R and Igor Pro 7 scripts (available on request). Dwell-
time histograms were constructed with 2 s bin widths, integrated and normalized
to generate cumulative probability density plots (Supplementary Fig. 2). These
were fit with either single or double exponential models to obtain time constants
(7) and amplitudes (A). To compare the off-target distributions between guides,
binding events were identified on kymograms as described above (kinetic analysis),
under low (1 nM) [dCas9] and 40 pN force. The position of each detected event
was then mapped to the A-DNA sequence and binned (500 nucleotide width) to
generate normalized histograms (Supplementary Figs. 1 and 3). Each guide was
repeated in triplicate and the corresponding histograms averaged to generate mean
distribution histograms with error bars (Fig. 3¢).

De novo motif discovery. To identify stable off-target locations, all technical
replicates performed per single crRNAs were used in downstream analyses.
First, the time-binned fluorescent intensity signals mapped to the A-genome

at a pulling force of 40 pN were averaged and normalized to the maximum
intensity per unique experiment (Supplementary Fig. 3). This resulted in three
(A2-crRNA), four (A4-crRNA), and five (nt-crRNA) unique A-DNA intensity
signals. Per crRNA, the peaks were aligned using the clupaSpectra function from
the ChemoSpec R package (https://CRAN.R-project.org/package=ChemoSpec)
to account for slight shifts per experiment, and the intensity signals were then
smoothed using the filter fast Fourier transform function from the the nucleR
Bioconductor package to reduce the noise™. Finally, the intensity profiles were
averaged per crRNA. Peaks were identified using the peakDetection function from
nucleR at a threshold of 20.

To identify if sequences similar to the crRNA are enriched within recurrent
bound regions by the Cas9 complex (peaks), the A-DNA sequence was scanned
(1bp overlap) for each of the three 20-nucleotide crRNA sequences without PAM
at 100%, 80%, and 60% matching threshold. All >60% match regions were then
selected and examined for location-specific stretches of nucleotide differences
between regions inside and outside peaks. Per match region, each nucleotide was
first coded 1 if identical to crRNA sequence and 0 if not. Subsequently, these were
weighted; a higher weight was given to a nucleotide match if its two neighbors
were also a match, and assigned 2. One neighbor would give 1.5, no neighboring
matches remained at 1. Finally, to identify motifs within the peaks, we extracted
sequence windows around the peak maxima to a total of 600 bp (300 upstream and
300 downstream from each peak maxima). De novo motif discovery on all peaks
was performed using MEME-ChIP software”.

Single-molecule FRET experiments and analysis. Flow chambers were
prepared as previously described™*. Briefly, quartz slides and coverslips were
passivated with polyethylene glycol (5% biotinylated) and flow chambers
constructed using double-sided sticky tape and sealed with epoxy. Pre-annealed
dsDNA (final concentration 12.5pM) was immobilized via biotin-streptavidin
interactions. The flow chambers were imaged on a home-built, prism-based
total internal reflection microscope with a 532-nm excitation laser (~2mW),
and images acquired on an EM-CCD camera (Andor) with a 30 ms exposure
time. FRET efficiencies were calculated from integrated donor (I,) and acceptor
(I,) intensities as FRET = I,/(I, + I,)***. Images and data were analyzed by
custom IDL, MATLAB and R scripts (available upon request). FRET efficiency
histograms were constructed by averaging the first ten frames of each trajectory,
filtering traces which gave an average FRET value >1.2 or <—0.2 and binning
with bins of 0.05. FRET states were determined by Gaussian fitting and reported
as mean +s.d. When two distributions of bound and unbound populations

were observed, percentage values were calculated from the area under the

fitted Gaussian of one population as a proportion of the total fitted area of both
populations.

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Code availability

All custom code is available on request.

Data availability
All data are available in the main text, the supplementary materials, or upon
request. Source data for Figs. 2b, 3¢ and 4f are available with the paper online.
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Statistical parameters

When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main
text, or Methods section).

n/a | Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars
State explicitly what error bars represent (e.g. SD, SE, Cl)
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Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection For optical tweezer data collection commercial LUMICKS C-Trap software was used. For smFRET data collection custom IDL scripts were
used.
Data analysis For analysis custom Matlab and R scripts were used.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

All data is available in the main text, the supplementary materials, or upon request.
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Sample size Sample sizes were determined to obtain convergent results. For example, single molecule FRET trajectories were accumulated until
distributions converged (or no longer changed with additional trajectories, typically over 100). For kymographs, each molecule was observed
for long time periods, such that fewer trajectories were required to obtain convergent analyses.
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Data exclusions  No data were excluded in most of our analyses. Single molecule fluorescence measurements were validated by intensity levels and single step
photo-bleaching. smFRET trajectories not following these widely accepted rules were not included in the analysis.

Replication Experiments were repeated on multiple DNA molecules, on different days and even on different instruments.
Randomization  No randomization was required in this study.

Blinding No blinding was required in this study.
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