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Nonspecific interactions between SpCas9 and dsDNA sites located
downstream of the PAM mediate facilitated diffusion to
accelerate target search

Mengyi Yang °, Ruirui Sun 2, Pujuan Deng ¢, Yuzhuo Yang 2, Wenjuan Wang 9, Jun-Jie Gogo Liu "¢,
Chunlai Chen *2

The RNA-guided Streptococcus pyogenes Cas9 (spCas9) is a sequence-specific DNA endonuclease that works as one of the
most powerful genetic editing tools. However, how the Cas9 locates its target among huge amounts of dsDNAs remains
elusive. Here, combining biochemical and single-molecule fluorescence assays, we revealed that Cas9 uses both three-
dimensional and one-dimensional diffusion to find its target with high efficiency. We further observed a surprising apparent
asymmetric target search regions flanking PAM sites on dsDNA under physiological salt condition, which accelerates target
search efficiency of Cas9 by ~ 10-fold. Illustrated by a Cryo-EM structure of Cas9/sgRNA/dsDNA dimer, non-specific
interactions between DNA ~ 8 bp downstream of the PAM site and lysines within residues 1151-1156 of Cas9, especially the
lys1153, are the key elements to mediate one-dimensional diffusion of Cas9 and to cause the asymmetric target search
regions flanking the PAM. Disrupting these non-specific interactions, such as mutating these lysines to alanines, diminishes
the contribution of one-dimensional diffusion and reduces target search rate by several folds. In addition, low ionic
concentration or mutations on PAM recognition residues that modulating interactions between Cas9 and dsDNA alters
apparent asymmetric target search behaviors. Together, our results reveal a unique searching mechanism of Cas9 at

physiological salt conditions, and provide important guidance for both in-vitro and in-vivo applications of Cas9.

Introduction

CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats) and CRIPSR-associated (Cas) protein function as an
adaptive immune system to protect the bacteria and archaea
from invading bacteriophages and plasmids 1. In the class two
type Il system, the signature Cas9 endonuclease, which is
guided by a CRISPR RNA (crRNA) and a trans-activating CRISPR
RNA (tracrRNA) or by a chimeric single-guide RNA (sgRNA),
specifically locates the protospacer adjacent motif (PAM) sites
and binds and cleaves a 20-bp-length complementary DNA
flanked by a PAM site 19, CRISPR-Cas9 has been exploited as
one of the most powerful tools in genomic engineering in living
cells 11-15,
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At the cellular level, Cas9 has to search among huge
amounts of dsDNA to find its target with high accuracy and
efficiency. After initial interaction with dsDNA, Cas9/RNA
complex non-specifically binds at non-PAM sites and is quickly
released, whereas interaction between Cas9/RNA and the PAM
of a cognate target triggers local melting of dsDNA at the PAM-
adjacent nucleation site to promote further R-loop formation
and extension & 2 16, Stable Cas9/RNA/dsDNA complex forms
when PAM-proximal 8 ~ 12 nt region (seed) is fully matched
towards the guide RNA. Single-molecule fluorescence assays
have previously been employed to understand how Cas9
searches for its target on dsDNA. DNA curtain experiments
revealed a random collision (three-dimensional diffusion, 3D
diffusion) model of Cas9 to search for its targets . With
improved spatial resolution, single-molecule fluorescence
resonance energy transfer (FRET) assays under low salt
conditions capture one-dimensional (1D) diffusion of Cas9
among multiple PAM sites on the same dsDNA molecule 7.
However, how Cas9 finds its target under physiological salt
conditions remains largely unknown. In addition, these is no
structure basis to provide mechanistic details regarding how
Cas9 interacts with dsDNA during 1D diffusion.

Here, by combining ensemble biochemical and single-
that the
Streptococcus pyogenes Cas9 (spCas9) combines both 3D and
1D diffusion to find its targets, which increases the rate of target

molecule fluorescence assays, we discovered
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search by 10-fold or more than the one without 1D diffusion.
Surprisingly, under physiological salt condition, Cas9 displays an
asymmetric target search region flanking the PAM, which is
from ~ 10 bp upstream of the PAM to ~
the PAM. To ensure rapid target search, the accessibility of
target sites and ~30 bp downstream of the PAM is essential for

30 bp downstream of

Cas9 to interact and to diffuse. With a cryo-EM structure of
Cas9/sgRNA/dsDNA dimer, we clearly visualized a non-specific
interaction site formed between lysine1153 of Cas9 and DNA ~
8 bp downstream of the PAM, which provides mechanistic
insights into the molecular basis of the apparent asymmetric
search behavior. Herein, we revealed a new kind of target
search mechanism of proteins on dsDNA, in which the binding
site to maintain 1D diffusion and the recognition site to locate
the target are ~ 8 bp away. Our discoveries provide new
guidance to design and optimize Cas9 target sites for in-vitro
and in-vivo applications and shed lights on how two sites of
distinctive functions coordinate with each other to achieve
diffusional facilitated target searching.

Results and discussion

One-dimensional (1D) diffusion of Cas9 on dsDNA. To investigate

target search mechanisms of spCas9 under close to
physiological condition, 150 mM KCl was used, unless stated
otherwise. Time-dependent in-vitro cleavage assay was
performed towards a series of dsDNAs with different length,
which were linearized from the same plasmid containing a
single cleavage site (Fig. 1a, Table S1). The cleavage site was
centered in the linearized dsDNA fragments, whose length
varied from 30 bp to 2188 bp. When needed, a linearized
fragment containing no cleavage site was supplied to maintain
identical total amount and base composition of dsDNAs.
Apparent cleavage of Cas9/RNA towards target-
containing dsDNAs of different length were resolved and
quantified (Figs. 1b-c and Sla-g, Table S1-2),

contributed by the overall target search rate and the enzymatic

rates

which are

cleavage rate after Cas9 locating its target site. If Cas9 locates
its cleavage target simply by 3D diffusion, the cleavage rates
towards target-containing dsDNAs should be independent of
dsDNA length, because the concentrations of Cas9 and its target
site remained constant in these experiments. Clearly, apparent
cleavage rates increased significantly when the length of target-
containing dsDNA increased from 30 bp to 120 bp and remained
almost constant when they were 120 bp or longer. Therefore,
we speculated that extended dsDNA fragments flanking
cleavage site accelerate target searching process via the
previously proposed facilitated diffusion model 1821, which
involves initial association of Cas9 at random dsDNA sites via
random collisions (3D diffusion) and non-specific interactions,
followed by 1D diffusion along dsDNA to locate PAM sites of its
specific targets. According to the facilitated diffusion model,
when the length of dsDNA is shorter than 1D diffusion length of
Cas9 on dsDNA and the contribution of 1D diffusion is

2| J. Name., 2012, 00, 1-3

diminished, the overall target search rate and We% ARparent
cleavage rate would decrease, which agpéeés WithooubGEnsits
(Figs. 1la-c).
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Figure 1. Time-dependent in-vitro cleavage asssay revealed
1-D diffusion of Cas9 during target search. a) Experimental
design of linearized dsDNAs, which were generated from a
2188-bp-length plasmid containing a single cleavage site
(shown in red). The cleavage site was centered in linearized
dsDNA fragments, who were named after their length from D30
to D2188. When needed, linearized supplemental fragments
containing no target site were supplied to maintain identical
total length and sequence. b) Time-dependent in-vitro cleavage
assay of Cas9/RNA towards the sequences designed in a,
resolved by agarose gel or denaturing polyacrylamide
electrophoresis. Percentage of cleaved DNA was visualized by
GE typhoon FLA9500 imaging system and quantified by
exponential fit. c) Cleavage rates extracted from curves shown
in b. d) Three dsDNAs of 617 bp in length containing a centered
target site (target sequence is colored red with a PAM in yellow)
with no PAM sites (substrate 1), with 10 PAMs flanked on non-
target strand (substrate 2), and with 10 PAMs flanked on target
strand (substrate 3). e) Time-dependent in-vitro cleavage assay
of Cas9/RNA towards DNA constructs in d. f) Cleavage rates
extracted from curves shownin e. Errors were S.E.M. from three
or more replicates.

Cas9 is capable of transient binding to PAM sites in the
absence of heteroduplex formation 22. In agreement with
previous reports & 16 22 multiple PAM sites surrounding the
cleavage site were able to significantly reduce apparent
cleavage rate (Figs. 1d-f and S1h, Tables S1-S2). Notably, the

This journal is © The Royal Society of Chemistry 20xx
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cleavage site flanked by ten PAM sites on the non-target strand
(substrate #2) was cleaved faster than that flanked by ten PAMs
on the target strand (substrate #3, Figs. 1d-f and S1h). Such
phenomena contradicted the model that Cas9 uses only 3D
random collision with dsDNA to search for its target. A more
plausible search model is that, after initial random collision,
Cas9
translocates on dsDNA to search for PAMs of cleavage sites on

non-specifically binds to and one-dimensionally
one single strand. To search for PAM sites on the other DNA
single strand, Cas9 has to dissociate and re-associate with the
dsDNA in the inverted orientation. Similar 1D diffusion model
has been proposed and experimentally verified using the BbvCl
restriction enzyme 23 and DNA glycosylase hUNG and hOGG1 2
25, Consistent with this model, for substrate #2, Cas9 enriched
by multiple PAM sites can diffuse one-dimensionally and locate
their nearby PAM of the cleavage site in the same strand
without the need of dissociation, whereas, for substrate #3,
Cas9 enriched by PAM sites has to dissociate and re-associate
with the dsDNA in the inverted orientation to find the PAM site
of the cleavage site. This explained why the apparent cleavage
rate of substrate #2 is faster than substrate #3. Therefore, our
results support the model in which Cas9/RNA complex can
transiently interact with dsDNA in two inverted orientation via
3D diffusion and diffuse between nearby PAMs in the same
strand via 1D diffusion.

Asymmetric target search regions flanking PAM under physiological
buffer condition. Single-molecule fluorescence assays were used
to examine 1D diffusion of Cas9 along dsDNA. A single Cy5
fluorophore-labeled Cas9/RNA complexes were flowed into
reaction chamber containing immobilized biotinylated dsDNA
(Fig. 2 and Table S3). Time from injection of Cy5-Cas9 until the
appearance of individual stable Cy5 fluorescence spots was
recorded, which represents the total target search time
(appearance time in Fig. 2b) spent by Cas9 to locate and
recognize a PAM and to form a stable complex with its target
site via both 3D and 1D diffusion (Figs. 2a-b). The distributions
of target search time on different dsDNAs were fitted by single
exponential decay to quantify their time constants and
apparent target search rates (Figs. 2c-e).

For the target dsDNAs of the D48-PAM-N series (details of
the nomenclature shown in Fig. 2a), the distance between the
PAM site and the 5’ end of non-target strand remains the same
(48 bp), whereas the distance between the PAM sites and the
3’ end of non-target strand varied from O bp to 128 bp (Figs. 2a
and c, Table S3). With the D48-PAM-N series, we were able to
quantify how the extension of dsDNA downstream of the PAM
(towards 3’ end of non-target strand) contributes to 1D
diffusion facilitated target search of Cas9. We discovered that
the downstream of the PAM greatly facilitated target search of
Cas9 by ~ 10-fold (Fig. 2c and Table S4), which confirmed the
model that Cas9 utilizes 1D diffusion along dsDNA to increase
its target search efficiency. The maximal effective target search
rate of Cas9 is ~ 2 uM s'1 under our experimental conditions

This journal is © The Royal Society of Chemistry 20xx
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(Table S4), which is close to a previously reported valye (~ 444M-
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Figure 2. Single-molecule fluorescence assay quantifying 1D
diffusion of Cas9. a) Scheme of single-molecule fluorescence
assay of capturing apparent target search rates of Cas9 on D48-
PAM-N DNAs, DN-PAM-28 DNAs and DN-PAM-8 DNAs.
Biontinylated dsDNAs were immobilized on PEG passivated
microscope glass slide. Target sequences are shown in red with
the PAMs in yellow. Biotinylated DNA duplexes are named
referring to the PAM location relative to the 5’ end and 3’ end
of the non-target (NT) strand (e.g. D48-PAM-O0 referring PAM is
48 bp away from the 5’ end of NT strand, and 0 bp away from
the 3’ end of NT strand). b) Scheme of stable Cas9/RNA/dsDNA
complex formed after target search (left), and a typical single-
molecule fluorescence trajectory (right). Time from injecting
pre-incubated 5 nM labeled Cas9/RNA onto immobilized
dsDNAs until stable binding events occurred were recorded
(right). c) Distributions of appearance time of Cas9 on D48-
PAM-N DNAs, which were fitted by single exponential decay. d)
Distributions of appearance time of Cas9 on DN-PAM-28 DNAs.
e) Distributions of appearance time with DN-PAM-8 DNAs. f)
Apparent target search rates of Cas9 on D48-PAM-N and DN-
PAM-28 DNAs.

On the other hand, the DN-PAM-28 series (Figs. 2a and d,
Table S3), whose distance between the PAM site and the 5’ end
of non-target strand varied from 8 bp to 148 bp (as ~8 bp seed
region is necessary for Cas9/RNA to form a stable complex with
dsDNA), were used to quantify how the extension of dsDNA
upstream of the PAM (towards 5’ end of non-target strand)
contributes to 1D diffusion facilitated target search of Cas9. For
the DN-PAM-28 series, apparent target search rates of Cas9
remained almost the same except the one with D8-PAM-28,

J. Name., 2013, 00, 1-3 | 3
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which was only ~ 2-fold slower than others (Fig. 2d and Table
S4). Similar behaviors were captured when three different sets
of dsDNAs were used (Fig. S2, Tables S3 and S4), which
eliminated the possibility of sequence-dependent mechanisms.
As a further support, when we used the DN-PAM-8 series, the
extension of dsDNA upstream of the PAM has no detectable
effect on the apparent target search rates of Cas9 (Figs. 2a and
e, Tables S3 and S4).
fluorescence assays revealed an unusual asymmetric target

Together, these single-molecule

search behavior. The extension of dsDNA downstream of the

a (:50
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Therefore, longer extension of the PAM downstream region
causes the DN-PAM-28 series to exhibit faster target search rate
than the DN-PAM-8 series. We quantified that the asymmetric
region contributing to the facilitated 1D diffusion of Cas9 is from
10 £ 3 bp upstream of the PAM to 27 + 7 bp downstream of the
PAM (Fig. 2f), which is close to the previously reported ~ 20 bp
diffusion length 7.
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Figure 3. Single-molecule FRET assays quantifying 1D diffusion of Cas9. a) Scheme of single-molecule FRET assay to capture
apparent target search rates of Cas9 on D40-PAM-N DNAs. DNA and crRNA sequences with indicated labelling position used for

single-molecule FRET pair design are listed above. Cognate DNA sequence are shown in red and PAMs are highlighted in yellow.
crRNA was labeled with Cy3 on its 5’ end and was pre-incubated with Cas9. Binding to immobilized Cy5-labeled dsDNA of Cas9/RNA
complex results in a high FRET as indicated. b) A representative single-molecule FRET trajectory recording the appearance time

from injecting pre-incubated Cas9/RNA complex onto immobilized dsDNA until the individual high FRET (binding event) occurred.
c) Distributions of appearance time of Cas9 on D40-PAM-N DNAs, which were fitted by single exponential decay. d) Scheme of
capturing apparent target search rates of Cas9 towards DN-PAM-28 DNAs. DNA and crRNA sequences and FRET pair design are

indicated. crRNA was labeled with Cy3 on its 3’ end. Binding of pre-incubated Cas9/RNA complex to immobilized Cy5-labeled

dsDNA will result in a low FRET as indicated. e) A representative single-molecule FRET trajectory recording the appearance time

from injecting pre-incubated Cas9/RNA complex onto immobilized dsDNA until the first low FRET (binding event) occurred. f)
Distributions of appearance time with DN-PAM-28 DNAs. g) Apparent target search rates of Cas9 on D40-PAM-N and DN-PAM-28
DNAs. Extension of dsDNA upstream of the PAM slightly changed the search rates (red), whereas extension downstream of the

PAM increased search rates significantly (blue).

Asymmetric target search regions verified by single-molecule FRET
assay. The single-molecule fluorescence assay described above
cannot pinpoint the position where the Cas9 stably bound on
the dsDNA because only Cas9/RNA complex was labeled with
fluorophore. Herein, we developed single-molecule FRET assays
utilizing FRET signals between Cy3 labeled crRNA and Cy5
labeled dsDNA to probe stable interactions between Cas9 and

4| J. Name., 2012, 00, 1-3

dsDNA at the correct target site. To avoid potential influence of
dsDNA-attaching Cy5 fluorophore on 1D diffusion of Cas9, two
different FRET pairs were designed (Figs. 3a and d, Table S5). In
the design used to quantify the contribution of downstream
extension of the PAM to 1D diffusion facilitated target search of
Cas9 (the D40-PAM-N series, Figs. 3a-c), Cy3 was labeled on the
5’ end of crRNA and Cy5 was labeled at the 5’ end of the non-

This journal is © The Royal Society of Chemistry 20xx
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target strand. In the other design used to quantify the
contribution of upstream extension of the PAM to 1D diffusion
facilitated target search of Cas9 (the DN-PAM-28 series, Figs.
3d-f), Cy3 was labeled on the 3’ end of crRNA and Cy5 was
labeled close to the 3’ end of the non-target strand. Time from
of Cy3-Cas9/RNA onto Cy5-dsDNA the
appearance of individual stable FRET signal were extracted from

injection until
time-dependent fluorescence trajectories and assigned as total
target search time spent by Cas9 via both 3D and 1D diffusion
(appearance time in Figs. 3b and e).

Time constants and appearance target search rates were
quantified from the distributions of target search time by single
exponential fitting (Figs. 3c and f, Table S6). The target search
rates quantified via the single-molecule FRET assay (Fig. 3g) are
slightly faster than the ones determined via the single-molecule
fluorescence assay (Fig. 2f), because the wild-type Cas9 displays
higher activity than the labeled one?® 27, Still, results of both
assays showed similar behaviors that only the dsDNA extension
located PAM downstream facilitates target search of Cas9 by
~10-fold, whereas the extension of dsDNA upstream of the PAM
has minor effects. The asymmetric region contributing to the
facilitated 1D diffusion of Cas9 is from 9 £ 3 bp upstream of the
PAM to 30 + 8 bp downstream of the PAM (Fig. 3g), which also
agrees with the values determined above (103 bpand 27 +7
bp, Fig. 2f). Therefore, both assays confirmed that Cas9 displays
an unreported apparent asymmetric target search flanking PAM
sites.

To rule out the possibility that the asymmetric target search
of Cas9 is an artifact caused by surface immobilization, we
switched the biotinylation site to the opposite end of dsDNA
relative to the design in Fig. 3 (Fig. S3, Tables S5 and S6). We
discovered that the location of dsDNA biotinylation site and the
orientation of surface immobilization only caused < 2-fold
change in apparent target search rates, thus the extension of
dsDNA downstream of the PAM is still the dominate factor to
accelerate apparent target search rates (> 7-fold change, Fig.
S3). Taken together, we observed an asymmetric target search
process of Cas9 flanking PAM on dsDNA, whose target search
rate is mainly accelerated by the facilitated 1D diffusion
originated from the downstream region of the PAM.

Symmetric target search in low-salt buffer. lonic strength is known
to affect the kinetics and interactions between DNA and DNA-
binding proteins 2% 2831, To evaluate how ionic strength affects
1D diffusion of Cas9,
fluorescence and FRET assays as shown in Figs. 2 and 3 in low-
salt buffer containing 10 mM NacCl (Fig. 4, Tables S4 and S6).
Strikingly, extension of either end of dsDNA greatly increased

we performed single-molecule

target search rates of Cas9, indicating a symmetric target search
process, which agreed with previous single-molecule FRET
measurements in the same low-salt buffer 7.

Non-specific interactions between Cas9 and dsDNA governing 1D
diffusion and target search. Previous reported structures have

This journal is © The Royal Society of Chemistry 20xx
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suggested the potential interactions between the stretching
loop (Glu1150 to Leu 1157) from the CaS®PIUoKPaIN Sdotie
DNA downstream of the PAM 32-35, This non-specific binding site
located downstream of the PAM has been shown to affect the
binding of Cas9 36. Due to the structural flexibility in this local
region, it's hard to identify the key residues and the specific
nucleotide involved in this interaction. To provide further
structural details, we reconstituted a spCas9 dimer complex on
a symmetric dsDNA which helps to restrain the structural
flexibility in this specific region. In this spCas9 dimer complex,
we are able to reveal the clear interaction between lys1153 and
the target strand DNA backbone ~8 bp downstream of the PAM,
which was not visible in previous structures (Figs. 5a and S4).
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Figure 4. 1D diffusion under low salt condition. a-b) Scheme of
single-molecule fluorescence assay and distributions of
appearance time of labeled Cas9 on D48-PAM-N DNAs (a) and
DN-PAM-8 DNAs (b) in low salt buffer (50 mM HEPES-NaOH pH
7.5, 10 mM NacCl, 2 mM MgCl,, 1 mM DTT). c-d) Scheme of
single-molecule FRET assay and distributions of appearance
time of Cas9 on D40-PAM-N DNAs (c) and DN-PAM-28 (d) in low
salt buffer. FRET pair is designed the same as indicated in Figs
3a and 3d, respectively. Single exponential decay was used to
extract average appearance time from injection until stable
binding of Cas9 on dsDNAs.

Next, our single-molecule FRET assays clearly revealed that
disrupting these non-specific interactions significantly slows 1D-
diffusion driven target search of Cas9 (Fig. 5b). The search rate
on DNA D40-PAM-128 was reduced by ~ 2-fold when lys1153
was mutated to alanine (Cas9-K1153A). When adjacent residues
1151-1156 were mutated from KGKSKK to AAAAAA (Cas9-6A),
the search rate was further reduced by additional ~ 2-fold (total
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~ 5-fold decrease relative to Cas9-WT), suggesting that the
nearby positively charged residues lys1551, lys1555 and lys1556
may also assist with the non-specific DNA binding through more
flexible conformations during 1D diffusion of Cas9 on dsDNA. In
our control experiments, both Cas9-K1153A and Cas9-6A
retained their DNA cleavage activities (Fig. S5). In addition,
when contribution of 1D diffusion on target search is diminished
by truncating DNA downstream of the PAM, both Cas9-K1153A
and Cas9-6A displayed similar search rates on DNA D40-PAM-0
as the Cas9-WT (Fig. 5b, Table S7), suggesting target search
contributed by 3D diffusion is not affected by these mutations.
Together, our structural and single-molecule results
demonstrated that the non-specific interactions between DNA
~ 8 bp downstream of the PAM site and residues 1151-1156 of
Cas9 are the key elements to mediate 1D diffusion of Cas9 and

to facilitate target search.

Casg-WT D40-PAN-128
68:ds

Cas9KI5IA  pyo pan 128
140205

Casd-6A D40-PAM-128

320£40s

300 600 900
Time (s}

CasaWT D4O-PAND

100011008

Cas8-K11534  D4D-PAMD

S sooetoos
e
Casg-6A DA0-PAN-D
1000 £ 200 5
300 600 500
Time (s}
& - ) sgRNA
3D diffusion e
y I N
sidues
Specific Nonspecific
targeting ~8bp Binaing resides
NT.5' e g
5 = 4 .
- TIges? i ¥
T-3 & \\ it

—
1D diffusion
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Figure 5. Structural basis and molecular mechanisms of
apparent asymmetric search region of Cas9. a) The structure
model of spCas9 dimer. The atomic model of spCas9 dimer was
fitted into the cryoEM map (transparent solid density in light
grey). SpCas9 protein was shown in grey, sgRNA and dsDNA in
light bule. The PAM sequences were colored in yellow. The
sidechain of lys1153 in red was hypothetically modeled and
orientated. The DNA nucleotide that interact with lys1153 was
colored in red as well. The target DNA strand for each Cas9
molecule was labeled. The distance between the PAM and this
red colored nucleotide in target strand DNA is 8 bp. b)
Distributions of appearance time of Cas9 variants (Cas9-6A
represents Cas9 with mutations of KI1151A/G1152A
/K1153A/S1154A/K1155A/K1156A) on D48-PAM-128 and D48-
PAM-0 under physiological salt condition. ¢) A proposed

6 | J. Name., 2012, 00, 1-3

schematic model of apparent asymmetric search region flanking
the PAM. Cas9 combines both 3D and 1DCdiffuliow ko Fvd its
target under physiological salt condition. Freely-diffusing
Cas9/RNA molecule interacts with dsDNA through 3D random
collision. The initial non-specific interactions occurred between
non-specific binding residues (shown in dark orange as the
orange arrow indicated) of Cas9 and a random dsDNA site. The
specific targeting only occurred when the PAM recognition
residues (shown in bluegrey as the blue arrow indicated) sense
a PAM site (highlighted in yellow) of a cognate target (line
shown in red) located ~8 bp upstream of the non-specific
binding site. Otherwise, the Cas9 will diffuse one-dimensionally
for ~20 bp (indicated by purple lines) before dissociation. The
~8 bp offset between PAM and non-specific binding site leads
to apparent asymmetric search regions from ~ 10 bp upstream
of the PAM to ~ 30 bp downstream of the PAM (indicated by
yellow lines).

Asymmetric target search of Cas9 affected by residues recognizing
PAM sites. By modifying PAM-interacting residues, Cas9-VQR
(D1135V/R1335Q/T1337R) and Cas9-EQR
(D1135E/R1335Q/T1337R) have been engineered to recognize
alternative 5’-TGAN-3’ PAM sequences 37-38, Their target search
behaviors were examined by our single-molecule assays. Cas9-
VQR displays similar asymmetric behaviors as the wild-type
Cas9 (Table S8). For Cas9-EQR variant, extension of either end
of dsDNA significantly increased rates of Cas9 target search,
indicating a symmetric target search behavior (Fig. S6, Table S8).
Such phenomena suggested that the Cas9 residues interacting
with dsDNA to recognize PAM sites are also able to affect 1D
diffusion and the asymmetric target search behaviors of Cas9.

Modeling target search of Cas9. Our results support a model in
which Cas9 combines both 3D and 1D diffusion to find its target
with high efficiency and accuracy (Fig. 5c). Freely-diffusing
Cas9/RNA complex interacts with dsDNA through 3D random
collision. Once non-specific interacting with dsDNA through
lysines within residues 1151-1156, Cas9 transiently binds and
laterally diffuses along dsDNA (1D diffusion) to search for PAM
sites. On average, Cas9 diffuses for ~ 20 bp before dissociation,
unless its encounters a PAM of a cognate target, recognize the
PAM and forms a stable binding complex through RNA strand
invasion and R-loop expansion 3% 3%, Otherwise, Cas9 continues
its 1D diffusion on dsDNA after transient binding with PAM sites
flanking non-target sequence 7.

Our results suggested that diffusion-facilitated target search
of Cas9 is fulfilled by two Cas9-DNA interaction sites of
distinctive functions, which are the non-specific binding site to
maintain transient binding during 1D diffusion and the PAM-
recognition site to locate PAMs. Under physiological buffer
condition, the interactions between the PAM-recognition site
and dsDNA is weak and cannot mediate long-distance 1D
diffusion of Cas9. However, the interactions between the non-
specific binding site and dsDNA is strong enough to maintain

This journal is © The Royal Society of Chemistry 20xx
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transient binding of Cas9 on dsDNA to perform 1D-diffusion
driven PAM search, which increases the target search efficiency
by ~ 10-fold. Because the non-specific binding site is located ~ 8
bp downstream of the PAM, the symmetric random diffusion (~
20 bp) around the non-specific binding site leads to apparent
asymmetric search region from ~ 10 bp upstream of the PAM to
~ 30 bp downstream of the PAM (Fig. 5c). Under physiological
salt condition, the target search rate of Cas9 is mainly
accelerated by the facilitated 1D diffusion from the downstream
region of the PAM, providing an important guidance for
designing target site of Cas9.

Any factors alter one or both of Cas9-DNA interaction sites
would affect the 1D diffusion mediated target search. Mutating
lysines in residues 1151-1156 greatly suppresses 1D diffusion
without affecting 3D diffusion, which slows overall target search
rate as shown in Fig. 5b. The low-salt condition, which is known
to strengthen interactions between DNA binding proteins and
dsDNA 21,2830,40 gnd to increase the 1D sliding length of several
endonucleases*!, is likely to significantly strengthen
interactions between dsDNA and the PAM-recognition site of
Cas9. Thus, the PAM-recognition site might contribute to
mediating 1D diffusion in low-salt buffer, which causes Cas9 to
display a symmetric search region around PAM. In addition,
Cas9-VQR with altered PAM preference still exhibits asymmetric
search region while Cas9-EQR shows close-to-symmetric search
behaviors under physiological salt condition (Fig. S6, Table S8).
The D1135V and D1135E mutations, which are the only
difference between Cas9-VQR and Cas9-EQR, are proposed to
play auxiliary roles to accommodate the PAM duplex in a
displaced conformation 3738, The fourth G of the PAM sequence
in the Cas9-EQR is fixed more tightly than that in the Cas9-VQR,
because the aliphatic portion of the D1135E side chain forms a
van der Waals contact with its ribose moiety. Therefore, tight
interactions between the PAM-recognition site and dsDNA
caused by Cas9 mutations might also increase the contributions
of the PAM-recognition site in mediating 1D diffusion, which
leads to symmetric search around PAM as we discussed above.

A mathematical model has been developed by Halford and
Marko to estimate the total time required for a DNA binding
protein finding its target by combining 3D and 1D diffusion 18, in

which the total search time is estimated via
v Ll
Tsearch = DI, + D, (eq. 1).

V is total search volume, L is total contour length of the DNA
coils, I is diffusing length of the protein on dsDNA, and D and
D, are 3D and 1D diffusion constants, respectively.

Our measurements gave that Iy = ~6.8 nm (~ 20 bp). With
improved time resolution of 2.5 ms per frame, we captured that
the average dwell time of Cas9 from nonspecific binding until
dissociation after 1D diffusion on a PAM-free dsDNA (Tg) is 11.2
+ 0.2 ms (Figs. S7a-b). Introducing 1 or 3 PAMs into the PAM-
free dsDNA has almost no effect on nonspecific binding rate of
Cas9 on dsDNA (Fig. S7a right column and Fig. S7e), indicating
the initial binding between Cas9 and dsDNA is mediated by non-

This journal is © The Royal Society of Chemistry 20xx
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specific binding without PAM recognition. On the, other hand,
the presence of 1 or 3 PAMs slightly incre&s&dLthé thwel} ¢iie 6F
Cas9 on dsDNA after initial binding (Fig. S7a left column). Based
on the dwell time of Cas9 on the PAM-free dsDNA, we have D1

2
= ls'/.tsl = 4.1x10% nm?/s (3.3x10* bp?/s), which is significantly
slower than reported diffusion constants of Cas12a and many
DNA glycosylases 31 42 43_ For Escherichia coli (E. Coli), V =~ 10°
nm> and L = 10° nm 8. For Cas9/RNA complex, D ~ 5 x 107
1.7 X 103 s, which
suggests that a Cas9/RNA molecule needs 0.47 hour to search

nm?s 1. Together, we have Tsearch =
through the whole E. Coli nucleoid to find its target site when
there is no other PAM site at all. However, in reality, there are
~10% PAM sites in the E. Coli nucleoid 44, many of which contain
partial complementary target sequence towards the guide
sequence of Cas9/RNA complex. These PAM sites and off-target
sites would significantly lengthen their binding times with
Cas9/RNA 0 and greatly increase the total search time.
Consistent with our speculation, a recent study revealed that a
single Cas9 protein needs to spend 6 hours to find the correct
target site in live E. Coli **. Therefore, our results suggested that
the vast majority of time consumed by Cas9 in target search
process is to interact with endogenous PAM sites and off-target
sites, whereas the diffusion process including both 3D and 1D
motions to search for target sites is less time-consuming.

Our work provided important mechanistic insights on target
search of Cas9. The actual target search process in live cells is
further complicated by inter-segmental transfer between
nearby DNAs and hopping of Cas9 over other DNA binding
proteins. Interestingly, the average dwell time of Cas9 on
dsDNA during 1D-diffusion driven target search is 11 — 16 ms
(Figs. S7a-b), which agrees well with the value (17 + 4 ms)
measured in live Lactoccous lactis cells 45. Therefore, the
mechanistic model and the kinetics determined by our work
provided foundation to understand target search of Cas9 in vivo.

Conclusions

For most DNA binding proteins, the site to bind DNA and the
site to recognize target sequence are the same one or located
adjacent to each other 3% 42 46, Herein, we revealed that Cas9
utilizes two separated sites to fulfill these distinctive functions,
DNA binding and PAM recognition, separately, which underlines
the mechanistic diversity in diffusional facilitated target
searching. We speculated that, the non-specific interactions
between dsDNA and lysines within residues 1151-1156 of Cas9
not only promote 1D diffusion of Cas9 on dsDNA to facilitate
RNA-guided target search by ~ 10-fold but also play important
roles in mediating RNA-independent DNA cleavage activities #7
48 Due to ~ 8-bp offset between this non-specific binding site
and the PAM-recognition site, the facilitated diffusion of Cas9 is
mainly contributed by the region from ~10 bp upstream of the
PAM to ~30 bp downstream of the PAM, which causes apparent
asymmetric search behavior. Our scheme clearly shows that the
accessibility of ~30 base pairs downstream of a PAM site
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dominates the efficiency of Cas9 to locate this PAM, which
provides important guidance to design target sites for both in-
vivo and in-vitro applications of Cas9.

Data availability

The EM reconstruction of Cas9 dimer and it's corresponding
atomic coordinate have been deposited in the Electron
Microscopy Data Bank, under accession codes EMD-31721, and
in the Protein Data Bank, under accession code 7V59.
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