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ABSTRACT

Streptococcus pyogenes Cas9 (SpCas9), a pro-
grammable RNA-guided DNA endonuclease, has
been widely repurposed for biological and medical
applications. Critical interactions between SpCas9
and DNA confer the high specificity of the enzyme
in genome engineering. Here, we unveil that an es-
sential SpCas9-DNA interaction located beyond the
protospacer adjacent motif (PAM) is realized through
electrostatic forces between four positively charged
lysines among SpCas9 residues 1151-1156 and the
negatively charged DNA backbone. Modulating this
interaction by substituting lysines with amino acids
that have distinct charges revealed a strong depen-
dence of DNA target binding and cleavage activities
of SpCas9 on the charge. Moreover, the SpCas9 mu-
tants show markedly distinguishable DNA interac-
tion sites beyond the PAM compared with wild-type
SpCas9. Functionally, this interaction governs DNA
sampling and participates in protospacer DNA un-
winding during DNA interrogation. Overall, a mech-
anistic and functional understanding of this vital in-
teraction explains how SpCas9 carries out efficient
DNA interrogation.

INTRODUCTION

Clustered regularly interspaced short palindromic repeats
(CRISPR)-associated (Cas) systems provide bacteria and
archaea with RNA-based adaptive immunity against for-
eign genetic elements (1). In type II CRISPR-Cas sys-
tems, a single Cas9 endonuclease complexed with a dual-
guide RNA comprising CRISPR RNA (crRNA) and trans-
activating crRNA (tracrRNA) is sufficient to target and
cleave complementary ~20-base pair (bp) DNA sequences
that have a short protospacer adjacent motif (PAM) located
immediately downstream of the sequences (2,3). The sys-
tem can be further simplified by fusing two noncoding RNA
molecules into a single guide RNA (sgRNA) while retain-
ing fully functional Cas9 activities (4). Owing to the simplic-
ity and specificity of programmable DNA recognition and
cleavage by these complexes, Cas9/sgRNA systems have
proven to be extremely versatile tools for genome engineer-
ing applications (5). Additionally, catalytically dead Cas9
(dCas9, hereafter the prefix ‘d’ indicates the dead version of
the protein) proteins that lack endonucleolytic activity but
can still bind to DNA targets have been widely used for tran-
scriptional perturbation and genomic imaging in living cells
(5,6). To ensure their efficient application in medicine and
biology, considerable research efforts have been devoted to
increasing their fidelities and minimizing off-target effects
(7,8). A thorough understanding of the molecular mecha-
nisms of Cas9 proteins would aid in these improvements.
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The functional nuclease activities of Cas9/sgRNA com-
plexes typically require DNA sampling, PAM recognition,
protospacer DNA unwinding, R-loop formation and sub-
domain conformational rearrangement (9-15). Two key
steps for the complexes to minimize off-target effects are
PAM recognition and R-loop formation. For the most com-
monly used Cas9 from Streptococcus pyogenes (SpCas9),
DNA targets containing no PAM sequence lead to the
SpCas9/sgRNA complex quickly dissociating from them,
whereas PAM recognition gives rise to the unwinding of
a few base pairs of protospacer DNA proximal to the
PAM and enables the initial DNA interrogation by guide
RNA (gRNA) (9,16-18). After the initiation of DNA un-
winding, R-loop formation occurs directionally from the
PAM-proximal side to the PAM-distal side. In this step, the
SpCas9/sgRNA complex further unwinds the remaining
protospacer DNA, displaces the nontarget strand (NTS)
DNA and examines the complementarity of the target
strand (TS) DNA with sgRNA (9). RNA-DNA comple-
mentarity serves as a second layer of protection for the
SpCas9/sgRNA complex against off-target activity. A per-
fect 8-12 bp match between sgRNA and the DNA target
strand at the immediate 5° side of the PAM (‘seed’ region)
is critical for DNA target binding and cleavage by SpCas9,
while mismatches in the PAM-distal region can be tolerated
(4,14,19). Structural studies of SpCas9/sgRNA complexed
with DNA targets have provided valuable insights into the
molecular basis of interactions among ternary complexes
(18,20). Accordingly, several SpCas9 derivatives have been
developed to improve and broaden PAM recognition and
to exert higher stringency in RNA-DNA complementarity
before cleavage (7,8,12). Understanding how SpCas9-DNA
interactions precisely control specific steps along the path-
way toward catalysis would be extremely helpful for further
improvements.

Recently, our single-molecule study identified an unex-
pected SpCas9-DNA interaction that is located approxi-
mately 14 bp downstream of the PAM (termed post-PAM
interaction) (21). This interaction site is beyond the ap-
parent footprint of SpCas9 on DNA. Moreover, a similar
DNA interaction site has also been detected for Strepto-
coccus aureus Cas9 (SaCas9), highlighting an evolutionar-
ily conserved feature of Cas9 proteins (22). Importantly,
this site has proven to be critical for SpCas9 activity, as
loss or occupation of the site on DNA significantly impairs
the DNA binding and cleavage activity of SpCas9. Consis-
tently, a cryoEM structure of SpCas9/sgRNA with a 55-bp
DNA substrate indicated the existence of this interaction
site (23). This structural analysis demonstrated that the seg-
ment 1151-1156 in the PI domain directly contacts the NTS
backbone downstream of the PAM. Moreover, the interac-
tion site was postulated to be mediated by the four posi-
tively charged lysines among these residues and the nega-
tively charged DNA backbone. However, the functional role
of the post-PAM interaction in mediating SpCas9 activity
remains largely unknown.

Herein, using single-molecule, biochemical and in vivo
DNA cleavage assays, we elucidated the mechanism and
function of the post-PAM interaction in regulating SpCas9
activity. Experiments with four SpCas9 mutants revealed
that this interaction indeed arises from the electrostatic

forces between the four positively charged lysines among
residues 1151-1156 and the DNA backbone. These mu-
tants exhibited distinct enzymatic activities in DNA target
binding and cleavage, which have a strong dependence on
the residue charges. However, once successfully associated
with the DNA target, they all remain tightly bound to it
for hours without dissociation. Moreover, we provided ev-
idence that this post-PAM interaction functions in DNA
sampling and protospacer DNA unwinding. Based on these
results, a mechanistic model is proposed to explain how the
post-PAM interaction assists the SpCas9/sgRNA complex
in efficient DNA interrogation.

MATERIALS AND METHODS
Expression and purification of SpCas9 proteins

All SpCas9 proteins were expressed and purified as previ-
ously described (4). Briefly, a pET-based expression vector
containing a sequence encoding SpCas9 and a C-terminal
Hisg-tag that was used for protein expression. The codons
were optimized by Synbio Tech (Suzhou, China). All Sp-
Cas9 mutants were produced by site-directed mutagenesis
(Fast Mutagenesis System; Transgen Biotech, China). The
SpCas9 proteins were expressed in Escherichia coli strain
BL21 (DE3) (Transgen Biotech) grown in LB at 37°C for
4-6 h. When the optical density at 600 nm (ODg) reached
0.6, protein expression was induced with 1 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG; Sangon Biotech), and
culture continued to grow at 18°C for 12-16 h. The medium
was then discarded, and the cells were harvested. The har-
vested cells were lysed in 20 mM Tris-HCI (pH 8.0), 250 mM
NaCl and 1 mM protease inhibitor cocktail, and passed
through a homogenizer three times at ~1000 bars. The lysed
dilution was then ultracentrifuged at 11 000 x g for 30-60
min. The supernatant (i.e. clarified cell lysate) was separated
from the cellular debris and bound in batch to Ni-NTA
agarose resin (Transgen Biotech). The resin was washed ex-
tensively with 20 mM Tris-HCI (pH 8.0), 250 mM NaCl and
10 mM imidazole. The bound protein was eluted in a single
step with 20 mM Tris-HCI (pH 8.0), 250 mM NaCl and 250
mM imidazole. SpCas9 was further purified over a HiTrap
SP HP Sepharose column (GE Health Care). All peak frac-
tions were analyzed using SurePAGE, 4-12% (GenScript).
Finally, the SpCas9 sample buffer was exchanged (20 mM
HEPES-KOH [pH 7.5], 500 mM KCI, 1 mM DTT) via gel-
filtration chromatography on a Superdex 200 16/60 column
(GE Health Care). The protein was stored at —80°C.

Preparation of DNA templates and gRNAs

The sgRNAs were prepared as follows. The pUCS57-sgRNA
expression vectors were linearized by Bsal (NEB) and
transcribed using a T7 High-Efficiency Transcription Kit
(Transgen Biotech). The sgRNAs were then purified using
an EasyPure® RNA Purification Kit (Transgen Biotech).
The tracrRNA was prepared similarly. Fluorophore-labeled
crRNA was purchased from GenScript (Nanjing, China).
DNA oligonucleotides without or with labels were pur-
chased from Sangon Biotech (Shanghai, China). NTS and
TS DNA oligonucleotides were mixed in reaction buffer (50
mM Tris-Cl [pH 7.9], 100 mM NaCl and 10 mM MgCl,),



heated to 90°C and slowly cooled to room temperature over
2 h.

The T-shaped DNA template for the single-molecule un-
zipping assay consisted of three DNA segments (two arms
and a trunk) and was prepared as previously described
(Supplementary Figure S2B) (21,24). Briefly, arm 1 was
PCR-amplified from plasmid pBR322 using a digoxigenin-
labeled primer. The resulting DNA fragment was digested
with BstXI (NEB) to create an overhang and was sub-
sequently annealed to a short DNA with a complemen-
tary overhang formed by adapter 1 and adapter 2. Arm 2
was PCR-amplified from plasmid pBR322 using a biotin-
labeled primer. The resulting DNA fragment was digested
with BstXI (NEB) to create an overhang and was subse-
quently annealed to adapter 3 and adapter 4. Adapter 2
from arm | and adapter 4 from arm 2 were partially comple-
mentary to each other and were annealed to create a short
35-bp trunk with a 3-bp overhang for trunk ligation. The
1795-bp trunk containing the target DNA sequence was
amplified from the plasmid pEGFP-N1 and digested with
AlwNI (NEB). The final product was produced by ligating
the arms with the trunk at a 1:4 ratio. All DNA products
were purified with a SanPrep Column PCR Product Purifi-
cation Kit (Sangon Biotech).

The sequences of the sgRNAs, crRNA, tracrRNA, DNA
binding sites, oligonucleotides, adapters and primers are
listed in Supplementary Tables S1 and S2.

In vitro DNA binding and cleavage assays

Bulk DNA assays were conducted essentially as previously
described (21). For the bulk DNA binding assay, dSpCas9
was first complexed with sgRNA at a 1:2 ratio at room tem-
perature for 10 min in reaction buffer. Complexed dSpCas9
(100 or 300 nM) was incubated with annealed Cy5-DNA
(1 nM) for the indicated time at room temperature. The re-
action was quenched with glycerol loading buffer (10 mM
Tris-HCI [pH 8.0], 10% glycerol). Reaction products were
resolved by 12% PAGE and visualized by phosphorimag-
ing (GE Health Care). The experiment for each condition
was repeated at least three times.

For the DNA cleavage assay, the complexed SpCas9 (600
nM) was incubated with the DNA substrate (1 nM) for
the indicated time at room temperature before quenching
with formamide gel loading buffer supplemented with 50
mM EDTA. The reaction products were resolved by 12%
denaturing polyacrylamide gel electrophoresis (7 M urea
PAGE) and visualized by phosphorimaging (GE Health
Care). Each experiment was repeated in triplicate.

Single-molecule DNA unzipping assay

DNA unzipping experiments were performed on an M-
trap optical tweezer from LUMICKS (Amsterdam, Nether-
lands). The sample chamber preparation was described pre-
viously (24). Briefly, glass coverslips were cleaned and func-
tionalized with partially biotinylated polyethylene glycol
(PEG) (Laysan Bio) (25) and then coated with streptavidin
(Thermo). Biotin-tagged DNA was added and incubated
to form the DNA tethers. Antidigoxigenin-coated 0.48-pm
polystyrene microspheres (Polysciences) were then added
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into the chamber. For the single-molecule DNA unzipping
experiment, dSpCas9 or mutants (30 nM) were first com-
plexed with sgRINA at a 1:1.5 ratio at room temperature for
10 min and then flowed into the chamber immediately be-
fore data acquisition. The experiments were conducted in a
climate-controlled room at a temperature of 23.3°C; how-
ever, owing to local laser trap heating, the temperature in-
creased slightly to 25 + 1°C (26). The experiments were con-
ducted by mechanically unzipping the dSDNA at a slow ve-
locity of 50 nm/s to probe the potential interactions at the
fork.

Single-molecule DNA unzipping data were acquired at 5
kHz and later filtered to 50 Hz. The acquired data signals
were converted into force and DNA extension as previously
described (21,27). The elasticity parameters of both dsDNA
and ssDNA for data conversion were obtained from DNA
force-extension curves (28). In the unzipping experiments,
one separated base pair generated two nucleotides of ss-
DNA. Accordingly, the real-time DNA extension in nm was
further converted into the number of base pairs unwound
based on the elastic parameters of ssDNA under our exper-
imental conditions. To improve the positional precision and
accuracy, the force-versus-unzipped-base-pair curves were
aligned to the theoretical curve by the cross-correlation of a
region before and after the ternary complex disruption (27).
To account for minor instrumental drift, trapping-bead size
variations and DNA linker variations, the alignment al-
lowed for a small additive shift (<5 bp) and multiplicative
linear stretch (<2%) using algorithms similar to those pre-
viously described (27).

Single-molecule fluorescence resonance energy transfer (sm-
FRET) assays

Experimental chambers used in the smFRET assays were
prepared by the following protocol. The coverslips and
slides used for constructing the chambers were cleaned with
acetone and methyl alcohol, followed by further cleaning
with sulfuric acid and 30% hydrogen peroxide at 95°C for 2
h. The coverslips were then aminosilanized and reacted with
N-hydroxysuccinimide (NHS) ester-modified PEG contain-
ing 1% biotin-PEG-NHS (Laysan Bio) for specific tether-
ing. A chamber was constructed by applying double-sided
tape to stick a slide and a coverslip together. All imaging
was performed using total internal reflection fluorescence
(TIRF) microscopy in imaging buffer (100 mM NaCl, 50
mM Tris-HCI [pH 7.9], 10 mM MgCl,, 0.8% [m/v] glucose
oxidase, 2 units/wl B-D-glucose, 200 units/j.l catalase and
4 mM Trolox). An EMCCD camera (Andor) was used to
record videos. The smFRET assays were performed using
fluorophore-labeled DNA substrates and crRNA at room
temperature (Supplementary Tables S1 and S2).

For the DNA sampling assay, the Cy3-labeled DNA
substrate (<50 pM) was immobilized on the glass sur-
face via a streptavidin-biotin interaction. The preassembled
dCas9/gRNA-Cy5 complex (30 nM) was injected into the
chamber. The video was recorded at an exposure time of
50 ms for 2400 frames or 100 ms for 600 frames. Each
frame was further processed to extract single-molecule fluo-
rescence intensities. Only fluorescence spots in the acceptor
channel were used for analysis to avoid missing or inactivat-
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ing the acceptors. The FRET efficiency of a single molecule
was approximated as E = Io/(Ip + I5), where Ip and I
are the backgrounds and leakage-corrected emission inten-
sities of the donor and acceptor, respectively. To generate
FRET histograms, the DNA samples were incubated with
the dSpCas9/gRNA-Cy5 complex for 5 min, after which
the first 20 frames of each DNA substrate were collected
and averaged after manually filtering photobleaching ef-
fects. More than 2000 DNA substrates were sampled for
each experimental condition. Multiple-peak Gaussian dis-
tributions were used to fit these histograms.

For the protospacer DNA unwinding assay, dSpCas9
or mutants (300 nM) were preassembled with sgRNA
(500 nM) at room temperature for 10 min. Then, 1 nM
fluorophore-labeled DNA was added to the solution for a
60-min incubation. The samples were diluted and flowed
into the experimental chamber for a 10-min incubation.
Free proteins and sgRNAs were washed out before data ac-
quisition. To generate FRET histograms, the first 20 frames
of each DNA substrate after washout were collected and
averaged after manually filtering photobleaching effects.
More than 2000 DNA substrates were sampled for each ex-
perimental condition. To obtain real-time FRET trajecto-
ries, the preassembled dCas9/sgRNA complex (30 nM) was
injected into the chamber after immobilization of the DNA
substrate (<50 pM) on the glass surface. The video was
recorded with an exposure time of 100 ms for 600 frames
after the injection.

In vivo DNA cleavage assay

SpCas9 variant plasmids were amplified from wild-type Sp-
Cas9 and Gibson assembled using the ClonExpressIl One
Step Cloning Kit (Vazyme). The sequences of the primers
used to generate Cas9 mutants are listed in Supplementary
Table S2. To generate a reporter vector, a sgRNA target-
ing sequence was inserted between the puromycin resistance
gene and eGFP in a PiggyBac transposon vector, resulting
in a frameshift of eGFP. sgRNA with the U6 promoter se-
quence was cloned into the transposon vector.

HEK293FT cells were cultured in DMEM supplemented
with 10% FBS and 1% penicillin-streptomycin at 37°C with
5% CO,. The reporter vector and PiggyBac transposase
vector were electroplated into HEK293FT cells to establish
a stable reporter cell line under puromycin selection. The
SpCas9 plasmid was transfected into the stable cell line us-
ing the DS150 program on a Lonza 4-D Nucleofector with
the SF Cell Line Kit according to the manufacturer’s proto-
col. The eGFP signal was detected by flow cytometry 24, 42
and 60 h postelectroporation. To measure the in vivo protein
expression level, transfected cells were analyzed by Western
blot 60 h post-transfection. The wild-type SpCas9 plasmid
was used as a positive control, and the nontransfected cells
were used as a negative control.

RESULTS

The post-PAM interaction originates from electrostatic
forces

Since the post-PAM interaction plays an essential role in
regulating SpCas9 (hereafter referred to as Cas9) activity

(21), we first aimed to determine the nature of this interac-
tion site and address whether modulation of this site could
correspondingly alter the enzymatic activity of Cas9. Ac-
cording to a structural study of Cas9/sgRNA in a complex
with its DNA target, four positively charged lysines (K1151,
K1153, K1155 and K1156) among six amino acids (1151-
1156) in the PI domain of Cas9 were speculated to electron-
ically interact with the negatively charged phosphate back-
bone of the DNA downstream of the PAM (Figure 1A) (23).
To test this hypothesis, we developed four site-directed Cas9
mutants in which all four lysine (K) residues in the region
were point-mutated to either arginine (R) with more pos-
itive charges (termed the KR mutant), histidine (H) with
less positive charges (termed the KH mutant), alanine (A)
without charges (termed the KA mutant) or aspartate (D)
with negative charges (termed the KD mutant), as well as
their catalytically dead derivatives. If the post-PAM inter-
action originated from electrostatic forces, the affinities of
this DNA interaction site for these mutants could be ex-
pected to rank as follows: KR > Cas9 (K) > KH > KA >
KD on the assumption that the substitutions lead to no
conformational changes in the protein. Given that this in-
teraction site was proven to be essential for Cas9 activity
(21), the DNA binding and cleavage efficiencies of these
Cas9 mutants were also expected to vary accordingly. To
examine the DNA binding capabilities of the four Cas9 mu-
tants, we used a DNA substrate containing a DNA target
immediately close to a PAM and a 30-bp dsDNA down-
stream of the PAM to conduct the electrophoretic mobil-
ity shift assay (EMSA). Compared with the dCas9 protein,
the dKR mutant showed comparable binding affinity to
the DNA, whereas the other three were less efficient (Fig-
ure 1B). Notably, the DNA target binding capability of the
dCas9 protein exhibited a strong dependence on the residue
charges, as expected (Supplementary Figure S1A). The in-
distinguishable DNA binding activity between dCas9 and
dKR was possibly due to the low temporal resolution of
our EMSA. These findings indicate that modulation of the
post-PAM interaction site can indeed alter the binding ac-
tivity of Cas9 to the DNA target.

Since the four Cas9 mutants exhibited distinguishable
DNA binding activities, we next asked whether the endonu-
cleolytic activities of these mutants varied accordingly. We
compared the cleavage products of the same DNA substrate
by catalytically active Cas9 proteins in a denaturing gel. The
endonucleolytic activity of the KR mutant was slightly en-
hanced compared with wild-type Cas9, whereas the other
three showed reductions in cleavage efficiency, following the
same trend as observed in the DNA binding assay of dCas9
mutants (Figure 1C and Supplementary Figure S1B). To
further test whether the mutants exhibit similar in vivo cleav-
age activities, we developed an enhanced green fluorescent
protein (eGFP) reporter system. In this system, the cleav-
age activity of the Cas9 proteins in HEK293FT cells can
be quantified by the ratio of the eGFP-positive cells based
on the fact that the expression of the eGFP gene can only
be realized by the frameshift caused by the cleavage of the
designed DNA recognition site (Figure 1D). At all the ex-
amined time points (24, 42 and 60 h), the cleavage efficiency
of the Cas9 proteins showed the same trend between in the
in vivo DNA cleavage assay as observed in the in vitro assays
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Figure 1. DNA binding and cleavage activities of SpCas9 and mutants. (A) Zoomed-in view of the PI domain with the amino acids indicated (PDB accession
number: 5Y36). The red ellipse highlights the amino acid region that is associated with the post-PAM DNA. (B) A representative PAGE gel showing the
DNA substrate containing a 30-bp dsDNA downstream of the PAM bound by dCas9 and four mutants. Reactions were quenched at four time points (0,
1, 10 and 30 min). (C) A representative denaturing gel showing the same DNA substrate cleaved by wild-type Cas9 and the four mutants. Reactions were
quenched at four time points (0, 1, 5 and 10 min). (D) In vivo DNA cleavage assay with Cas9 proteins. The cartoon illustrates the experimental design.
The percentages of eGFP-positive cells relative to all cells as a function of the mass of the transfected plasmid are shown for each protein at three time
points. Error bars represent S.D. of three replicates; *: P < 0.05; **: P < 0.01; ***: P < 0.001; ****: P < 0.0001. (E) In vivo protein expression measured

by western blotting.

(Figure 1D). A western blot experiment showed comparable
protein expression levels among the mutants, excluding the
possibility that the detected difference in this assay arises
from protein expression (Figure 1E).

Taken together, our data affirm that the post-PAM in-
teraction originates from the electrostatic forces formed be-
tween the four positively charged lysines and the negatively
charged DNA phosphate backbone. Cas9 mutants with dif-
ferent residue charges exhibit correspondingly varied DNA
binding and cleavage activities.

SpCas9 mutants differ in DNA target association and inter-
action

Four Cas9 mutants with altered enzymatic activities pro-
vided a unique opportunity to decipher the molecular de-
tails of the post-PAM interaction in regulating Cas9 activ-
ity. To characterize the kinetics and biophysical properties

of the DNA target binding of the Cas9 mutants, we per-
formed a previously developed optical tweezer-based DNA
unzipping assay (Supplementary Figure S2A) (21,22). This
single-molecule approach has proven to be a powerful tool
to determine not only the efficiency of an enzyme in search-
ing for and stable binding to its target in a long stretch of
DNA but also the position and strength of the protein—
DNA interaction site (27,29,30). In this assay, a T-shaped
DNA template consisting of two arms and a trunk was con-
structed (Supplementary Figure S2B). This template was
suspended between an optically trapped microsphere and a
coverslip surface via two specially labeled arm ends (Supple-
mentary Figure S2A). The 20-bp DNA target and the PAM
were located in the middle of the trunk, flanked by ~1000
bp segments of dSDNA. Moving the coverslip away from
the optical trap resulted in the unzipping of the double he-
lix of the DNA trunk and disrupted the Cas9—DNA interac-
tion, if there was any. Catalytically dead Cas9 and mutants
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were used in this assay. We performed the experiments by
unzipping a single DNA molecule starting from the down-
stream side of the PAM wherein the post-PAM interaction
can first be detected (Supplementary Figure S2A). In all ex-
amined traces with the presence of the dCas9/sgRNA com-
plex, the unzipping signatures were either similar to that
of naked DNA or showed a single force rise at the target
sites (Supplementary Figure S2C and S2D). Control exper-
iments with either sgRNA or dCas9 showed no such rise
in force (Supplementary Figure S3). We thus attributed the
rise in force exclusively to the disruption of a stably formed
dCas9/sgRNA/DNA complex at the expected position.
We first measured the DNA target association rate of the
dCas9 proteins as reflected by the fraction of DNA targets
tightly bound by dCas9 as a function of time. As the rise in
force detected in the DNA unzipping assay represents sta-
ble binding of dCas9 to DNA, the DNA target association
defined here automatically excludes transient DNA binding
of dCas9. Under our experimental conditions, the dKR mu-
tant exhibited efficient DNA target association comparable
to that of the dCas9 (K) protein, with saturating DNA tar-
get occupancy achieved in <1 min for both proteins (Fig-
ure 2A). In contrast, the other three mutants showed sig-
nificantly reduced DNA target association efficiencies, and
notably, it took up to 60 min for the dKA and dKD mu-
tants to completely occupy the DNA targets (Figure 2A).
Consequently, the DNA target association rates differed by
at least two orders of magnitude (note that the rate con-
stants of the dKR mutant and dCas9 could not be precisely
determined due to the limited temporal resolution of our
assay) (Figure 2B). We further investigated the DNA tar-
get dissociation rates of the mutants by examining the life-
time of dCas9/sgRNA in stably binding to the DNA target.
In this assay, after sufficient incubation of dCas9/sgRNA
and DNA (up to 2 h) to ensure complete DNA target oc-
cupancy by the complex, unbound proteins and sgRNAs
were washed from the chamber, and the fraction of DNA
bound by the protein was measured at defined time points
after washout. More than 80% of the examined traces were
found with target sites bound by dCas9 proteins even af-
ter 16 h, indicating extremely slow DINA target dissociation
for all dCas9 proteins (Figure 2C). This finding is consis-
tent with previous in vitro and in vivo studies showing an
extremely long lifetime of DNA-bound Cas9 (9,31,32).
Next, we carefully analyzed the unzipping signatures of
those traces showing distinguished force peaks that could
reveal both the locations and the strengths of interactions of
the associated complexes with the DNA target. For the sake
of data presentation, we designated the protospacer DNA
as + 20 (the PAM-distal side) to + 1 (the PAM-proximal
side) and the PAM as 0, - | and - 2, followed by the down-
stream DNA starting from - 3 (Figure 2D). The positions of
the rises in force were located - 21.7 4 6.4 bp (mean + S.D.)
for the dKR mutant, -16 + 4.7 bp for dCas9, -13.0 + 5.2 bp
for the dKH mutant, -7.5 + 4.4 bp for the dKA mutant and
-8.3 + 3.1 bp for the dKD mutant downstream of the PAM
(Figure 2E and Supplementary Figure S4). Unexpectedly,
the magnitude of the single peak rose with an average force
of ~25 pN for all four mutants. Furthermore, with the in-
creased positive charge in the mutation region, the detected
interaction sites were shifted further away from the PAM,

although the strength of the interaction site was maintained
(Figure 2E).

Overall, these findings suggest that alteration of the elec-
trostatic forces between Cas9 and DNA modulates the bio-
physical properties of the post-PAM interaction. Conse-
quently, this modulation affects the DNA target association
rate of Cas9 and has a negligible influence on its DNA tar-
get dissociation.

The post-PAM interaction governs DNA sampling of SpCas9

We next aimed to explicitly determine the regulatory role
of the post-PAM interaction in mediating Cas9 activity.
Both EMSAs and DNA unzipping assays demonstrated
that the post-PAM interaction modulates the stable bind-
ing of Cas9 to the DNA target (Figures 1B and 2A). The
very first step for Cas9 to achieve stable DNA target binding
is DNA sampling coupled with PAM recognition. We then
asked whether the altered DNA target association rates of
the Cas9 mutants result from their disparate capabilities of
sampling DNA for a PAM. To directly monitor stable and
transient interactions of Cas9 with DNA in real time, we
carried out a previously developed smFRET assay (33,34),
in which biotinylated DNA substrates containing a DNA
target adjacent to a PAM were anchored on the coverslip
surface in a sample chamber, followed by the injection of
the dCas9/gRNA complex into the chamber (Figure 3A).
The Cy3 and Cy5 fluorophores were labeled on the modi-
fied nucleotide of the TS located 6 bp downstream of the
PAM and the 18th nucleotide of the crRNA from the 3’
end, respectively (Supplementary Tables SI and S2). Ac-
cording to the structure of the ternary complex (18), the
distance between the fluorophore-labeled sites is 33 A, and
a high FRET would report on a DNA target bound by a
correctly oriented dCas9/gRNA complex. We first exam-
ined the binding of dCas9/gRNA to a fully matched DNA
target. As expected, after the injection of dCas9 or dKR
complexed with gRNA-Cy5, real-time FRET trajectories
showed a sudden single-step increase in FRET efficiency
from 0 to 0.86 in the first 60 s, followed by the mainte-
nance of the high FRET state (Figure 3B). In control ex-
periments using gRNA or dCas9 only, the 0.86 FRET state
was not observed, suggesting that this state represents a sta-
bly formed dCas9-gRNA-DNA complex (Supplementary
Figure S5). However, in stark contrast to dCas9 and dKR,
in the first 60 s, the high FRET state was not detected at all
with the other three mutants but a stable 0 FRET state in-
stead (Figure 3B). Consistently, after a 5-min incubation of
dCas9 with the DNA substrate, FRET histograms showed
two populations with dKR and dCas9 centered at 0 and
0.86, and one population with dKH, dKA and dKD cen-
tered at 0 (Figure 3B). These findings are consistent with
our DNA unzipping results (Figure 2A). We further exam-
ined the binding of dCas9/gRNA to a partially matched
DNA target. Thirteen mismatches relative to the gRNA
were introduced from the PAM-distal side to abolish the
stable DNA binding of dCas9 (Supplementary Table S1)
(16,35). With this substrate, transient DNA binding events
were detected with dKR and dCas9 (Figure 3C). Under our
experimental conditions, these two proteins attempted to
associate with this partially matched DNA substrate a few
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times within 120 s. In contrast, experiments with the other
three mutants lacked the detection of such events (Figure
3C). Consistently, statistical analysis revealed a strong de-
pendence of DNA sampling frequency of SpCas9 on the
residue charge (Supplementary Figure S6).

Collectively, these data suggest that the Cas9 mutants dif-
fer in the first DNA interrogation step and that the post-
PAM interaction dictates DNA sampling of the Cas9 pro-
tein.

The post-PAM interaction participates in protospacer DNA
unwinding

As sufficient protospacer DNA unwinding coupled with
nearly full RNA-DNA complementarity is also a key step
for Cas9 to realize stable binding to a DNA target (20),

we next addressed whether the post-PAM interaction also
functions in protospacer DNA unwinding. To this aim, we
employed another smFRET assay to directly measure and
compare the fractions of protospacer DNA unwound by
Cas9 mutants (36). In this assay, biotinylated DNA sub-
strates containing 30-bp downstream dsDNA were labeled
with Cy5 and Cy3 on the target (+ 1) and nontarget (+ 9)
strands in the protospacer DNA, respectively (Figure 4A
and Supplementary Table S1). An initial unwinding of the
20-bp protospacer DNA would result in the separation of
these two molecular dyes, thus decreasing the FRET effi-
ciency. With this DNA substrate, a high FRET value (E ~
0.77) was immediately detected, and the addition of either
sgRNA or dCas9 led to no change in FRET efficiency (Sup-
plementary Figure S7). To ensure complete DNA target oc-
cupancy, we incubated this DNA substrate with dCas9 and
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a fully matched sgRNA for 60 min (Figure 4A). An EMSA
confirmed that nearly all DNA substrates were bound by
the examined dCas9 or mutants after incubation (Figure
4B). Compared with the naked DNA, all FRET histograms
of dCas9- or dCas9 mutant-bound DNA showed a par-
tial shift from the high FRET value (£ ~ 0.77) to a low
FRET value (E ~ 0.53), indicating that the protospacer
DNA was unwound (Figure 4C). However, the fractions
of the low-FRET population representing unwound proto-
spacer DNA were distinguishable among the proteins, and
its ranking followed the same trend as the one observed in
the DNA binding and cleavage assays (Figure 4D). These
data suggest that Cas9 mutants also differ in the capability
of unwinding protospacer DNA and that the post-PAM in-
teraction at least partially participates in the separation of
the protospacer DNA.

We further examined the dynamics of the DNA unwind-
ing process by introducing the dCas9/sgRNA complex to
DNA substrates immobilized on the coverslip surface (Fig-
ure 4E). In line with previous findings (36), real-time trajec-
tories revealed that most of the protospacer DNA unwind-
ing events induced by dCas9/sgRNA occurred in a single
step which was <1 s (n = 233 out of 266) (Figure 4F). Sim-
ilar single-step DNA unwinding events were also found to
dominate with the other four mutants (n = 213 out of 239

for dKR, 179 out of 200 for dKH, 180 out of 200 for dKA,
and 188 out of 200 for dKD, respectively), albeit occurring
in different time frames. The sudden decrease in FRET de-
tected with all Cas9 mutants indicates that the difference
among the Cas9 mutants possibly lies in the initiation of
DNA unwinding instead of the propagation of unwinding
(Figure 4F).

Preseparation of the PAM-proximal DNA compensates for
the loss of the post-PAM interaction

To further establish the relationship of the post-PAM in-
teraction with the initiation of protospacer DNA unwind-
ing, we constructed DNA substrates containing no DNA
downstream of the PAM to abolish the post-PAM interac-
tion. Meanwhile, the DNA substrates had 1- to 4-bp mis-
matched ‘bubble’ segments located in immediate proxim-
ity to the PAM; these segments mimicked early DNA in-
termediates during R-loop formation. Conducting EMSA
with these DNA substrates surprisingly revealed that dCas9
DNA target binding could be substantially recovered on the
1-bp bubble substrate (Figure SA and B). Moreover, further
extension of the mismatched segments drastically improved
the DNA binding affinity of dCas9, with the fully restored
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activity of dCas9 for the 3-bp and 4-bp ‘bubble’ substrates
(Figure 5A and B).

Next, we examined the cleavage activity of Cas9 toward
these DNA substrates by analyzing the cleavage products in
a denaturing gel. Wild-type Cas9 showed modest cleavage
activity for the 1-, 2- and 3-bp ‘bubble’ substrates (Figure 5C
and D). Moreover, the endonucleolytic activity of Cas9 was
even enhanced for the ‘bubble’ substrates containing four
mismatched base pairs close to the PAM (Figure 5C and D).
Experiments with another set of DNA substrates contain-
ing different sequences confirmed that the detected recovery
of Cas9 enzymatic activity on ‘bubbled’ DNA substrates is
unlikely to be sequence-dependent (Supplementary Figure
S8). Efficient DNA binding and cleavage activities of the
KA and KD mutants with these ‘bubbled’ DNA substrates
were also observed (Supplementary Figure S9). However,
Cas9 with completely mismatched sgRNA was incapable of
associating with these ‘bubbles’ DNA substrates, indicating
that R-loop initiation and DNA unwinding are both neces-
sary for the stable association (Supplementary Figure S10).
These results suggest that regarding Cas9 DNA binding and
cleavage activity, preseparation of the PAM-proximal DNA

can compensate for the loss of the post-PAM interaction to
some extent.

DISCUSSION

This work affirms the electrostatic nature of the post-PAM
Cas9-DNA interaction. By mutating the four lysines to
amino acids with distinct charges, we provided evidence that
the post-PAM interaction is achieved via electrostatic forces
between the positively charged amino acids in the 1151-
1156 region of the PI domain and the negatively charged
DNA backbone (Figure 1). Intriguingly, the DNA-bound
KD mutant, which has four negatively charged amino acids
in the region, still showed a similar post-PAM interaction
that was even closer to the PAM and an interaction strength
comparable to that of the other mutants, highlighting the
indispensability of the post-PAM site in Cas9 activity (Fig-
ure 2E). These shifted interaction sites could be reasoned
by new binding sites formed between the mutants and the
DNA target. The distinguishable interaction sites detected
with the four mutants provided a clue to understanding
how mutants without positive charges in the region can still
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bind to the DNA target. There might be a compensation
mechanism for the loss of the original post-PAM interac-
tion wherein positively charged residues near the 1151-1156
region in the PI domain may also associate with the DNA
at an altered position to execute a similar function of the
post-PAM interaction. Alternatively, there might be other
interaction sites around the 14-bp region beyond the PAM
instead of a single interaction point, which would have been
indistinguishable in our DNA unzipping assay. In this case,
the loss of one of the major interaction sites would not com-
pletely abolish its enzymatic activity, albeit resulting in a sig-
nificantly reduced DNA binding efficiency (Figure 2A and
B).

In addition to unveiling the biophysical properties of the
post-PAM interaction, our work also clarified its functional
roles in regulating Cas9 activity. Experiments with Cas9
mutants and specifically designed DNA substrates demon-
strated that this interaction dictates DNA sampling of Cas9
and contributes to the initiation of protospacer DNA un-
winding (Figures 3-5). Our findings explain why loss or
attenuation of the post-PAM interaction strongly impairs
the DNA target association rate of Cas9, as early DNA
interrogation steps are hindered. Based on these findings,
a mechanistic model is proposed to explain how the post-
PAM interaction mediates Cas9 activity (Figure 6). Dur-
ing the submission of our work, a single-molecule study
combined with structural data consistently reported that
the lysines within the residues 1151-1156 of SpCas9 me-
diate its one-dimensional diffusion along DNA for PAM

search (37). The astonishingly fast DNA target associa-
tion rate of wild-type Cas9 is realized by quick DNA sam-
pling and PAM recognition. The post-PAM interaction
site provides Cas9 an anchoring point during DNA sam-
pling, thus increasing its efficiency in PAM search. How
does this interaction also facilitate the initiation of proto-
spacer DNA unwinding? Increasing evidence suggests that
a DNA conformational change is likely involved in the pro-
tospacer DNA unwinding and R-loop formation (17,18).
The structure of the ternary SpCas9/sgRNA/DNA com-
plex shows that the bound DNA is severely bent at the
junction between the PAM and the protospacer, suggesting
that local DNA distortion might account for the initiation
of DNA unwinding (18). This notion is further substanti-
ated by single-molecule and structural studies with the cas-
cade complex from the Type I CRISPR-Cas system (38—
42). Meanwhile, a fluorometric study demonstrated that
the initial destabilization of the DNA duplex is achieved
primarily through interactions between Cas9/sgRNA and
NTS nucleotides in the protospacer close to the PAM (17).
This post-PAM interaction may help immobilize the DNA-
bound SpCas9/sgRNA complex and, together with the pre-
PAM DNA contacts, confer efficient DNA bending and un-
winding by Cas9 for DNA interrogation (18,20). The elec-
trostatic nature of the post-PAM interaction ensures that
this assistance is sequence-independent.

Tremendous efforts have been devoted to developing
Cas9 derivatives to improve their efficiency and minimize
off-target effects (7,8,12). Previously, the specificity en-
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hancement of Cas9 was realized mainly by mutating the
amino acids interacting with the PAM or the protospacer,
such as in Cas9-HF1 and eCas9 (7,8). The newly identified
key residues in the PI domain, as well as its electrostatic in-
teraction with the post-PAM DNA identified here, may pro-
vide distinct avenues to improve Cas9 efficiency. The more
positively charged KR mutant showed a slightly enhanced
in vivo cleavage capability compared with wild-type Cas9
(Figure 1D), holding promise for the further rational de-
sign of highly specific Cas9 variants as genome-modifying
tools.
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