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ABSTRACT

There have been many engineered Cas9 variants that
were developed to minimize unintended cleavage of
off-target DNAs, but detailed mechanism for the way
they regulate the target specificity through DNA:RNA
heteroduplexation remains poorly understood. We
used single-molecule FRET assay to follow the dy-
namics of DNA:RNA heteroduplexation for various
engineered Cas9 variants with respect to on-target
and off-target DNAs. Just like wild-type Cas9, these
engineered Cas9 variants exhibit a strong correlation
between their conformational structure and nucle-
ase activity. Compared with wild-type Cas9, the frac-
tion of the cleavage-competent state dropped more
rapidly with increasing base-pair mismatch, which
gives rise to their enhanced target specificity. We
proposed a reaction model to quantitatively analyze
the degree of off-target discrimination during the
successive process of R-loop expansion. We found
that the critical specificity enhancement step is ac-
tivated during DNA:RNA heteroduplexation for evo-
Cas9 and HypaCas9, while it occurs in the post-
heteroduplexation stage for Cas9-HF1, eCas9, and
Sniper-Cas9. This study sheds new light on the con-
formational dynamics behind the target specificity of
Cas9, which will help strengthen its rational design-
ing principles in the future.

INTRODUCTION

Since the CRISPR (clustered regularly interspaced short
palindromic repeats)/Cas9 (CRISPR-associated protein 9)
system was first discovered in prokaryotes as adaptive
immunological machinery (1), it has become one of the

most prominent tools for genome editing (2). To rec-
ognize a DNA and exercise nuclease activity upon it,
CRISPR/Cas9 needs to form a complex of Cas9 endonu-
clease with two guide RNAs (gRNAs): CRISPR RNA (cr-
RNA) and trans-activating crRNA (tracrRNA). Once the
complex is formed, Cas9:gRNA recognizes the target DNA
by the protospacer-adjacent motif (PAM) located at the
non-target strand (NTS) of the double-stranded DNA (ds-
DNA). The next step involves base pairing between a 20-
nucleotide spacer region of crRNA and its complementary
protospacer region of the target strand (TS) of the dsDNA.
Such DNA:RNA heteroduplexation leads to the forma-
tion of the R-loop structure, upon which Cas9 executes its
nuclease activity to cleave the DNA (3,4). Cas9 possesses
two lobes that play separate roles in its operation: a nu-
clease (NUC) lobe that includes 2 nuclease domains called
RuvC and HNH and a helical recognition (REC) lobe that
includes 3 recognition domains called REC1, REC2, and
REC3 (Figure 1A) (5,6).

Despite the great versatility and immense advantages
of CRISPR/Cas9 over previously developed genome-
engineering tools, one critical drawback is that it often
cleaves off-target DNAs that do not form fully matched
base pairs with crRNA (7–9). To minimize such unwanted
side effect for off-target cleavage, an array of engineered
Cas9 variants have been developed based on two engi-
neering principles: rational design (Cas9-HF1, eCas9, Hy-
paCas9) and directed evolution (evoCas9, Sniper-Cas9,
xCas9) (Figure 1B). A quick glance shows that, for evo-
Cas9, Cas9-HF1 and HypaCas9, the REC3 domain (shown
in pink) is the main target as its mutations have been
found to disturb the over-stabilized interactions between
mismatched crRNA and the TS of DNA in the heterodu-
plex (10–12). On the other hand, in the case of eCas9,
mutations in the RuvC domain that controls the stabil-
ity of the NTS after heteroduplexation led to reduced
cleavage efficiency for off-target DNAs (13). The common
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Figure 1. Types of engineered Cas9 variants and the results of in vitro DNA cleavage assay. (A) Domain organization of type II-A Cas9 from S. Pyogenes
(SpCas9) and correspondingly color-coded crystal structure of Cas9:gRNA:DNA ternary complex (PDB ID: 5F9R) (6). (B) Engineered Cas9 variants
used in this work and their mutated residues. (C) Two-dimensional plot for cleavage efficiency of wild-type and engineered Cas9 variants toward on-target
and off-target DNAs with different degrees of mismatch (denoted by Mi-j for bases mutated from the ith through jth sites counting from PAM).

design goal for these engineered Cas9 variants is to ener-
getically destabilize the Cas9:gRNA:DNA complex toward
off-target binding so that maximum discrimination can be
achieved between on-target and off-target binding. Of the
two remaining Cas9 variants developed by directed evolu-
tion, Sniper-Cas9 is noted for its enhanced target specificity
as well as high on-target cleavage efficiency maintained in
vivo, while xCas9 expanded the PAM compatibility (14,15).

Along with the development of various engineered Cas9
variants, the operational mechanisms of Cas9 nuclease have
been widely studied by using different experimental tech-
niques (5,6,16–20). At the single-molecule level in particu-
lar, the common regulatory mechanism for the discrimina-
tion of the off-target DNAs is linked to the occurrence of
an inactive state of the Cas9:gRNA:DNA complex with a
cleavage-incompetent conformation (21–25). For example,
the conformational transitions of the HNH nuclease do-
main between active and inactive states have been observed,
where the HNH domain remains mostly in the active state
for on-target DNAs while the population of the inactive
state increases in the presence of PAM-distal mismatches.
For the rationally designed variants (Cas9-HF1, eCas9, and
HypaCas9), it has been reported that the population of
the HNH active state is more effectively reduced for off-
target sequences compared to the case of wild-type (WT)
Cas9 (12). Furthermore, to directly monitor the altered dy-

namics for the R-loop formation of engineered Cas9 vari-
ants, unwinding and rewinding of dsDNA were measured
by dual labeling on both sides of the NTS and TS, which
also reports on conformational heterogeneity. The equilib-
rium for the NTS-TS dynamics of such engineered Cas9
variants as Cas9-HF1, eCas9, HypaCas9 and Sniper-Cas9
shifts toward the cleavage-incompetent rewound conforma-
tion from the cleavage-competent unwound conformation
for off-target DNAs compared to that of WT Cas9 (24,25).
The above results indicate that these commonly observed
inactive conformations play a crucial role in the discrimina-
tion of the off-target DNAs. However, considering that the
NTS displacement is also regulated by its interaction with
the REC2 domain (22), it is notable that the dynamics of
DNA:RNA heteroduplexation itself, which is the primary
step for Cas9 nuclease activity (21), has not been compre-
hensively examined for engineered Cas9 variants.

Here, we investigated the conformations and dynamics of
DNA:RNA heteroduplexation for WT Cas9 and six engi-
neered Cas9 variants (evoCas9, Cas9-HF1, eCas9, Sniper-
Cas9, HypaCas9 and xCas9) using the single-molecule
FRET technique (21). We observed the conformational dis-
tributions of the DNA:RNA heteroduplex for Cas9 vari-
ants and investigated how different types of Cas9 engineer-
ing affect the equilibrium between cleavage-competent ver-
sus cleavage-incompetent conformations. Furthermore, we
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developed a new reaction model that allowed us to calculate
the reaction quotient for each kinetic step so that we could
define a new parameter for engineered Cas9 variants to ex-
plain what structural role mutated residues of each Cas9
played in their respective improvement in target specificity.

MATERIALS AND METHODS

Protein expression and purification

Plasmids for protein expression of wild type SpCas9, eS-
pCas9(1.1), SpCas9-HF1 and Sniper-Cas9 were provided
by Toolgen (Seoul, Korea). The other Cas9 variants were
obtained from Addgene (HypaCas9 #101218, evoCas9
#107550, xCas9(3.7) #108379). All the Cas9 variants were
Gibson assembled into a pET28a vector with His tag and
NLS at N-terminus. Recombinant proteins of Cas9 variants
were expressed and purified from Escherichia coli. Each ex-
pression constructs of Cas9 variants was transformed and
expressed in strain BL21 (DE3) cells (Enzynomics, Dae-
jeon, Korea). The crude proteins harvested from the cells
were purified using Ni-NTA agarose (QIAGEN). Then, the
purified proteins were concentrated using Pierce Protein
Concentrators PES (100K MWCO, Thermo Scientific). The
concentrations of the proteins were analyzed by SDS-PAGE
gel.

Preparation of oligo nucleotides (both smFRET and bio-
chem. assay)

For single-molecule FRET assay, all oligo nucleotides in-
cluding DNA and RNA are purchased from Integrated
DNA Technologies. NTS of the dsDNA has two types of
modifications: 5′ end biotinylation for surface immobiliza-
tion and internal amino modification for dye labeling. For
gRNA, 5′ end Cy5 labeled crRNA and AltR-tracrRNA
were purchased from IDT. Detailed information for DNA
or RNA sequences with various modifications are listed in
Supplementary Table S1.

For in vitro DNA cleavage assay, the EMX1 target se-
quence was obtained from human genomic DNA and Gib-
son assembled into T-Vector (Promega). Based on the plas-
mid containing the EMX1 on-target sequence, the other
plasmids containing the mismatched sequences were also
generated by Gibson assembly. On- and Off-target DNAs
were amplified by polymerase chain reaction (PCR) from
the cloned plasmids. The PCR amplicons were analyzed
on agarose gel, and then purified using Expin Gel SV kit
(GeneAll, Seoul, Korea). Single-guide RNA targeting the
EMX1 site was prepared by in vitro transcription. The
RNA was transcribed by T7 RNA polymerase (New Eng-
land Biolabs) and the product was purified with a RNeasy
MinElute Cleanup Kit (QIAGEN).

In vitro DNA cleavage assay by Cas9 variants

For In vitro DNA cleavage assay, each Cas9 variant protein
(200nM) and sgRNA (400nM) were pre-incubated in NEB-
uffer 3.1 (New England Biolabs) for 5 minutes at room tem-
perature. Then, substrate DNA (15 nM) was added to the
mixtures to the final volume 20 uL and the mixtures were in-
cubated at 37◦C for an hour to allow cleavage to take place.

The digested products were treated with proteinase K and
RNase A to degrade Cas9 protein and sgRNA, and then
mixed with loading dye containing SDS. The results of the
in vitro digestion were determined by analyzing on a 1.5%
agarose gel with Image Lab (BIO-RAD).

Cell culture and transfection conditions

For intracelluar DNA cleavage assay, human codon-
optimized Cas9-encoding plasmids were prepared. A plas-
mid p3s-SpCas9 was provided by Prof. Jin-Soo Kim. The
other Cas9 expression plasmids were obtained from Ad-
dgene (eSpCas9(1.1), #71814; VP12, #72247; BPK4410,
#101178; pX-evoCas9, #107550; xCas9 3.7, #108379; p3s-
Sniper-Cas9, #113912). HEK293T (ATCC CRL-11268)
cells were grown in DMEM supplemented with 10% fetal
bovine serum (FBS) and a penicillin/streptomycin mix (100
units/ml and 100 mg/ml, respectively). 1.5 × 105 HEK293T
cells were electroporated with each Cas9 (SpCas9, eSp-
Cas9, SpCas9-HF1, HypaCas9, evoCas9, xCas9(3.7), or
Sniper-Cas9)-encoding plasmid (750 ng) and sgRNA ex-
pression plasmid (250 ng) using a Neon™ Transfection Sys-
tem (Invitrogen) according to the manufacturer’s proto-
col. Three days after transfection, the cells were harvested,
and genomic DNA was prepared using NucleoSpin Tissue
(MACHEREY-NAGEL & Co.).

Targeted deep sequencing

Genomic DNA segments that encompass the nuclease tar-
get sites were amplified using SUN-PCR Blend (SUN GE-
NETICS, Daejeon, South Korea) for sequencing library
generation. These libraries were sequenced using MiniSeq
with a TruSeq HT Dual Index system (Illumina). Equal
amounts of the PCR amplicons were subjected to paired-
end read sequencing using Illumina MiniSeq platform.
Samples were sequenced at a sequencing depth of aver-
age 16 250 ± 368 × (n = 109 ± s.e.m.). Rare sequence reads
<1 were excluded. Indel efficiencies were analyzed by Cas-
Analyzer (http://www.rgenome.net/cas-analyzer/) (26). De-
tailed information for PCR primers used for targeted deep
sequencing is listed in Supplementary Table S2.

Microscopy set-up and data analysis

A prism-type total internal reflection fluorescence (TIRF)
microscope used in this single-molecule FRET experiment
is same as before which previously described in the paper.
Briefly, A 532-nm laser (Samba, Cobolt AB) was used to
excite Cy3 and the emitted fluorescence was collected by ob-
jective (UPlanApo 60×, Olympus) and passed the emission
filter (ZET405/488/532/642m, Chroma Technology Crop.)
to eliminate the scattered light. The filtered signals were di-
vided into donor and acceptor channels by a dichroic mir-
ror (645dcxr, Chroma Technology Corp.) and recorded by
an electron-multiplying charge-coupled device (iXon DU-
897, Andor Technology). Data-acquisition time was set to
30 ms for recording real-time FRET traces and 500 ms for
obtaining FRET histograms. All image data were processed
using IDL and MATLAB codes.
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Single-molecule FRET assay

For all single-molecule FRET assay, quartz slides and glass
coverslips were prepared after passivation of polyethylene
glycol to avoid the non-specific binding of samples on the
surface. After imaging chamber was assembled, biotiny-
lated DNAs were immobilized on the surface-biotinylated
quartz surface via biotin-neutravidin interaction and im-
aged after Cas9:gRNA injection at room temperature
(23◦C) in reaction buffer: 50 mM Tris–HCl pH 7.9, 100 mM
NaCl, 10 mM MgCl2, 1 mM DTT, 0.1 mg ml-1 BSA and 5%
(v/v) glycerol with an oxygen scavenging system (1 mg ml–1

glucose oxidase, 0.04 mg ml–1 catalase, and 0.8% (w/v) �-D-
glucose) and a triplet quencher (∼4 mM Trolox) to prevent
photo-blinking or photo-bleaching.

Before injection, 50 nM of each tracrRNA and Cy5 la-
beled crRNA are pre-incubated with the 60 nM of Cas9
variants at 37◦C for 10 min to form the Cas9:gRNA com-
plex in the reaction buffer, and then injected into the single-
molecule chamber to image the real-time FRET traces and
FRET histograms. Real-time FRET traces were obtained
successively for initial 20 min with the time-window of ∼30
s, and the FRET histograms were obtained afterwards. Cat-
egorization of each single molecule was determined based
on the initial 10 s or 20 s. The double-Gaussian fitting in
OriginPro 9.0 was used to calculate the relative population
of each FRET state from the histogram.

RESULTS

Enhanced target specificity of engineered Cas9 variants

We prepared WT Cas9 and other engineered Cas9 variants
(evoCas9, Cas9-HF1, eCas9, Sniper-Cas9, HypaCas9 and
xCas9) to examine the nuclease efficiency of individual vari-
ants and their target specificity against on-target and off-
target DNAs with different degrees of base-pair mismatch.
We designed on-target DNA based on the parts of EMX1
genome locus, while off-target DNAs were designed by de-
liberately introducing mismatched bases on its TS in the
PAM-distal region (denoted Mi-j for bases mutated from
the i-th through j-th sites counting from the PAM) against
the crRNA sequence (e.g. the mismatch M18–20 represents
mismatched bases in the TS of DNA at the 18th through
20th sites from the PAM.). Supplementary Figure S1 shows
in vitro DNA cleavage data (succinctly summarized in the
2D diagram of Figure 1C) for cleavage efficiency of wild-
type and six engineered Cas9 variants toward on-target
and off-target DNAs with different degrees of mismatch.
In the case of WT Cas9, the cleavage efficiency remains
quite high for lightly mutated DNAs (M20–20 and M19–20)
but drops significantly beyond them, exhibiting discrimina-
tion against off-target DNAs. By comparison, some vari-
ants of WT Cas9 (evoCas9, Cas9-HF1 and eCas9) show
much enhanced off-target discrimination, with the cleavage
efficiency considerably lowered even with one or two mis-
matches. On the other hand, other engineered Cas9 variants
(Sniper-Cas9, HypaCas9 and xCas9) show only mildly en-
hanced off-target discrimination over WT Cas9 in their off-
target discrimination. To see if these in vitro results trans-
late into the same conclusion under intracellular condi-
tions, we carried out DNA cleavage assay for the engineered

Cas9 variants in vivo in human HEK293T cells with a series
of guide RNAs containing PAM-distal mismatches relative
to the endogenous on-target sequence, EMX1. The results
(Supplementary Figure S2A) show that, with reference to
WT Cas9, only Sniper-Cas9 and HypaCas9 show compa-
rable nuclease activity toward on-target DNA while others
suffer a drop of more than 50%. Furthermore, the drop in
nuclease activity with increasing level of base-pair mismatch
is more pronounced for all engineered Cas9 variants than
for WT Cas9. Nevertheless, comparison of the 2D plots of
Figure 1C and Supplementary Figure S2B show a general
accord between the nuclease activity trends under in vitro
and intracellular conditions.

Cas9-dependent conformational dynamics of
Cas9:gRNA:DNA ternary complex

To investigate how the DNA:RNA heteroduplex interacts
with the Cas9 variants to invoke the discrimination of off-
target DNAs, we performed single-molecule fluorescence
resonance energy transfer (smFRET) experiments in much
the same way as previously reported (21,26). Experimental
scheme for the smFRET assay is described in Figure 2A.
Briefly, Cy5-labeled crRNA initially forms a Cas9:gRNA
complex, which then binds to the surface-immobilized tar-
get DNA labeled with Cy3 at the PAM-distal end region.
When the Cas9:gRNA:DNA ternary complex is formed,
smFRET histogram shows two distinct FRET states of the
heteroduplex between the TS of DNA and crRNA, each
corresponding to their different conformational structures.
The low FRET state with the smaller FRET efficiency value
(Elow) corresponds to what we termed ‘open’ conformation,
which is partially duplexed in the PAM-proximal region. On
the other hand, the high FRET state (with Ehigh) represents
the ‘zipped’ conformation that is fully duplexed. Our ear-
lier study found that the open and zipped conformations
are uniquely cleavage-incompetent and cleavage-competent
states, respectively (21).

When we employ WT-Cas9 and on-target DNA, the sm-
FRET histogram of the ternary complex shows a predom-
inant population for the zipped conformation (top his-
togram of Figure 2A), which is consistent with our previous
work (21,26). But as we employ increasingly more mutated
DNAs (uppermost bars of Figure 2B), the fraction of the
zipped conformation drops suddenly to ∼50% with M18–
20 (bottom histogram of Figure 2A and uppermost bars
of Figure 2B). With M17–20, the fraction is even further
down, leaving virtually all complexes in the open confor-
mation. These results are consistent with our earlier find-
ing that the open conformation is important for off-target
discrimination, while also showing that our single-molecule
FRET assay gives a solid representation for the dynamics
of R-loop formation between the TS of DNA and crRNA.
Incidentally, the value of the FRET efficiency itself showed
different behaviors between the zipped and open conforma-
tions: the former showed a clear drop with the number of
PAM-distal mismatches but the latter stayed virtually un-
changed (Supplementary Figure S3). The decrease in the
zipped conformational FRET value likely results from the
increased distance between the donor and acceptor dyes
due to the partially unpaired bases between target-strand
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Figure 2. Single-molecule FRET assay for conformational dynamics of Cas9:gRNA:DNA ternary complex. (A) Experimental scheme for single-molecule
FRET detection of two different conformations of the complex (denoted ‘open’ with FRET efficiency Elow ∼ 0.2 and ‘zipped’ with Ehigh ∼ 0.8). The two
FRET histograms represent when the DNA is on-target (upper) and off-target with M18–20 mismatch (lower). (B) Fraction of Ehigh (= Ehigh/(Ehigh + Elow))
for wild-type and engineered Cas9 variants with respect to on-target and off-target DNAs with different degrees of mismatch (mean ± s.e.m., n = 2 or 3).
Relative population was calculated from FRET histograms fitted to Gaussian functions (Supplementary Figure S3A).

of PAM distally mismatched DNA and crRNA at the very
end of the PAM-distal region. Nonetheless, given the good
agreement between the zipped conformational fraction and
cleavage efficiency for on- and off-target DNAs (Supple-
mentary Figure S4), the zipped conformational state with a
DNA-dependent high-FRET value was treated as the func-
tionally identical state, i.e., the cleavage-competent struc-
ture. It is to be noted that gradual variation of the FRET
value has also been reported for the cleavage-competent
state in previous reports that employed a DNA-dual label-
ing scheme to observe DNA unwinding dynamics (22,24).

Some earlier studies found that the dwell time of the
bound state (24) and dissociation constant (KD) (12) of
engineered Cas9 variants are mostly invariant upon intro-
duction of PAM-distal mismatches. We likewise found that
all Cas9 variants exhibit similar binding to the on-target
and off-target DNAs (Supplementary Figure S5). On the
other hand, the fraction of the zipped conformation for
the ternary complex when different variants of Cas9 were
used reveals some interesting differences among these Cas9
variants (Figure 2B). Most of them, except for evoCas9,
show comparable fraction of the zipped conformation for

on-target DNA with WT Cas9. With increasing degree of
mismatch for DNA, however, two of them (evoCas9 and
Cas9-HF1) undergo a dramatic drop in the fraction of the
zipped conformation, even with only 1-bp mismatch (M20–
20). With the rest of Cas9 variants, the fraction of the
zipped conformation drops more gradually with an increas-
ing number of base pair mismatches. Supplementary Figure
S4 shows that there exists a generally strong correlation be-
tween the fraction of the zipped conformation and the cleav-
age activity of the Cas9 complex, as has been found by our
earlier study for WT Cas9 (21).

Classification of single-molecule time trajectories to de-
termine reaction quotients QX for different stages of
Cas9:gRNA:DNA interaction

Since our single-molecule FRET detection follows the dy-
namic event of heteroduplexation between the TS of DNA
and crRNA within the Cas9:gRNA:DNA ternary complex
in real time, we analyzed individual time trajectories of the
complex to understand the kinetic transitions between its
open and zipped conformations. When we measured the
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dwell times of the open and zipped conformations, the re-
sults showed some vague trend such as the dwell times of
the open conformation being generally longer than those
of the zipped conformation, with their gap getting larger as
the number of PAM-distal mismatches increases (Supple-
mentary Figure S6). However, the dwell time distribution
did not follow a simple first-order kinetics, strongly sug-
gesting a multi-step mechanism for Cas9 activation along
with R-loop formation, which may include REC2-mediated
NTS displacement, HNH rearrangement, and magnesium
ion-dependent activation of nuclease domains (20,22,27). A
significant fraction of time trajectories remained in a sin-
gle FRET state without a transition during our observation
time, whose overly long dwell times could not be included
in the dwell time analysis.

To analyze the intricate kinetics in a quantitative manner,
we classified all single-molecule time trajectories into three
distinct states based on their signal pattern during the initial
10 seconds (Figure 3A, left panel): a trajectory docked in
the open conformation is called ‘docked-open’ (DOpen, tra-
jectory type #1), a trajectory docked in the zipped confor-
mation is called ‘docked-zipped’ (DZipped, trajectory type
#3), and a trajectory undergoing repetitive transitions be-
tween the two conformations is called ‘transitional’ (trajec-
tory type #2). We arbitrarily set our observation time win-
dow at 10 s based on the photobleaching time of our dyes
under the experimental conditions (Supplementary Figure
S7), which is sufficiently longer than the transitional dwell
time distributions (0.1–2 s; Supplementary Figure S6).

Applying these criteria, we determined the fraction (in %)
of each state for all Cas9 variants interacting with on-target
and off-target DNAs (Figure 3B and Supplementary Fig-
ure S8). In the case of WT Cas9, we obtained a predomi-
nant fraction of DZipped until the DNA was considerably
mutated (M18-20). On the other hand, for engineered Cas9
variants, the fraction of DZipped was not even predominant
to begin with (evoCas9 with on-target DNA) or dropped
greatly even with 1-bp mismatch in the DNA (Cas9-HF1
with M20–20). We note again the correlation between the
lower fraction of DZipped for evoCas9 with on-target DNA
and its lower cleavage efficiency (Figure 2B). We also note
that the drop in the fraction of DZipped leads mainly to the
rise of the transitional state than DOpen with these engi-
neered Cas9 variants. Supplementary Figure S8 compares
the fractional portions of the three states for all Cas9 vari-
ants.

In order to study more details of the kinetic pathway,
we note that the transitional trajectory vacillates between
the open and zipped conformations and thus exists in ei-
ther state as a short-lived species. Therefore, these short-
lived transitional states were further subcategorized into
the ‘transitional-open’ (TOpen) and ‘transitional-zipped’
(TZipped) states. In short, our model describes reversible
and sequential transitions among the four states (DOpen,
TOpen, TZipped, and DZipped) once the Cas9:gRNA:DNA
complex is formed, with no consideration for direct transi-
tions from DOpen to DZipped.

In addition, we characterize any single transition between
two states by a parameter known as reaction quotient (Q) in
the overall steady-state pathway toward the cleavage com-
petent state, which brings about three different Qs (Figure

3A, right panel): QO between DOpen and TOpen, QT be-
tween TOpen and TZipped, and QZ between TZipped and
DZipped. To calculate these Q values, we first determine QT
from the population ratio between TOpen and TZipped of
the FRET histogram (Figure 3C, middle panel). Next, to
determine QZ, we note that the sum of time trajectories of
the types #2 and #3 yields the FRET histogram shown in
the bottom panel of Figure 3C and realize that its compos-
ite reaction quotient is the product of QT and QZ. There-
fore, QZ is obtained by dividing the population ratio of the
histogram in the bottom panel of Figure 3C by our previ-
ously determined QT. Likewise, QO is obtained by dividing
the population ratio of the histogram in the top panel of
Figure 3C (for time trajectories of the types #1 and #2) by
QT. In summary, the reaction quotients are defined as in the
following equations:

QT = Population (T Zipped)
Population (T Open)

QZ = Population (T Zipped + D Zipped)
Population (T Open)

× 1
QT

QO = Population (T Zipped)
Population (T Open + D Open)

× 1
QT

In contrast to the population fractions that represent the
relative populations of the conformational states, the reac-
tion quotients represent the forward-moving propensity of
the transitions from one state to the next along the overall
reaction pathway. Since Q is directly determined by the pop-
ulation ratio between reactants and products at the steady
state, its value is independent of the kinetic model that de-
scribes the complex reaction pathways along the Cas9 acti-
vation. Thus, without assuming any kinetic model, the val-
ues of QO, QT and QZ were calculated for the comparative
analysis among the Cas9 species. We emphasize that the
Q-based analysis can uniquely assess the transitioning ki-
netics between two states with an indistinguishable FRET
value (i.e. QZ for docked versus transitional zipped confor-
mations and QO for docked versus transitional open con-
formations), which is impossible by the conventional dwell
time analysis.

Figure 3D and Supplementary Figure S9 show the reac-
tion quotients for complexes of WT and engineered Cas9
variants toward on-target and off-target DNAs. If we take
the WT Cas9 case (Figure 3D, left panel) as reference and
focus on comparing QT and QZ, we note that evoCas9 (mid-
dle panel) and Cas9-HF1 exhibit distinctly different behav-
iors. With evoCas9, QT decreases quite dramatically even
with 1-bp mismatch while the drop in QZ with an increas-
ing degree of mismatch is more gradual. With Cas9-HF1,
however, it is QZ that shows a more sudden drop than QT
with 1-bp mismatch. These opposite behaviors suggest that
the regulatory mechanisms for the enhanced target speci-
ficity of evoCas9 and Cas9-HF1 are different. Since QT
represents the forward-moving propensity of the transition
during the DNA:RNA heteroduplexation stage while QZ
represents the same in the post-heteroduplexation stage,
we speculate that strong off-target detection occurs during
DNA:RNA heteroduplexation for evoCas9 but afterwards
for Cas9-HF1. A quick look at the reaction quotients of
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Figure 3. Classification of single-molecule time trajectories and determination of reaction quotients for different stages of Cas9:gRNA:DNA interaction
pathway. (A) Representative time trajectories of three different states of Cas9:gRNA:DNA for (#1) docked-open state (DOpen), (#2) transitional state,
and (#3) docked-zipped state (DZipped). Transitional state is subcategorized into transitional-open (TOpen) and transitional-zipped (TZipped) states
according to our reversible reaction model. Each of the three reversible transitions involving these four states is characterized by its own reaction quotient,
QD, QT or QZ. (B) Fraction (in %) of the ternary complexes of wild-type and engineered Cas9 variants in each of the docked-zipped, transitional, and
docked-open states when they interact with on-target and off-target DNAs (mean ± s.e.m., n = 3). (C) Representative FRET histograms constructed from
the sum of complexes in the docked-open + transitional states (upper), transitional states only (middle), and transitional + docked-zipped states (lower).
Population ratio of open (DOpen and/or TOpen) versus zipped (DZipped and/or TZipped) conformations is used to calculate the reaction quotients. (D)
The calculated reaction quotients for complexes of wild-type and engineered Cas9 variants toward on-target and off-target DNAs.
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other Cas9 variants (Supplementary Figure S9) indicates a
large variation in how they respond to increasing degree of
base-pair mismatch as they undergo individual transition
steps.

Target specificity value SX for different stages of
Cas9:gRNA:DNA interaction

To quantify the target specificity of Cas9 variants against
WT Cas9 and to identify which kinetic transition (between
QT versus QZ) is more important for off-target discrimi-
nation, we introduce a new parameter that represents the
transition-specific target specificity in the following way:

Specificity value ST or Z = Qon

�Qoff
,

where the numerator and denominator are the reaction quo-
tient for on-target DNA and the product of all reaction
quotients for off-target DNAs, respectively. In other words,
if a Cas9 variant has a high tendency for cleavage against
on-target DNA but not against off-target DNAs at a given
transition step (i.e. QT or QZ), its value of S (whether ST or
SZ) is going to be high, in accord with the concept of target
specificity. Figure 4A shows that all engineered Cas9 vari-
ants exhibit larger values of ST and SZ than those of WT
Cas9, while they show much less variation in SO (Supple-
mentary Figure S10).

To identify which kinetic step of the two main transitions
(i.e. QT or QZ) affects the target specificity more signifi-
cantly, we normalized the values of ST and SZ with respect
to those of WT Cas9 and plotted their logarithmic values
in Figure 4B for all Cas9 variants. It is apparent that some
Cas9 variants (evoCas9 and HypaCas9) have a higher value
of ST than SZ, suggesting their main off-target discrimina-
tion taking effect during the DNA:RNA heteroduplexation
step than in post-heteroduplexation step, while other vari-
ants (Cas9-HF1, eCas9, and Sniper-Cas9) imply the oppo-
site case. Furthermore, these results remained largely un-
changed when we doubled the time window of our data
analysis from 10 s to 20 s (Supplementary Figure S11).

It turns out that these results are in good agreement with
the original engineering intention of the Cas9 variants. We
note that evoCas9 and HypaCas9 were exclusively mutated
within the REC3 domain to achieve better discrimination
of PAM distal-end mismatches during the DNA:RNA het-
eroduplexation. On the other hand, eCas9 mainly targets
the amino acids in the RuvC domain, which is known to in-
teract with the displaced NTS of DNA after the DNA:RNA
heteroduplexation step. In case of Cas9-HF1, its major mu-
tations are located in the REC3 domain, but the mutation
Q926A located in the linker domain between RuvC and
HNH is likely to play an important role in enhancing the
target specificity during the post-heteroduplexation process.
In fact, we showed that WT Cas9 with a single alanine mu-
tation at the Q926 residue increased the value of SZ (Supple-
mentary Figure S12), which supports the hypothesis for an
allosteric effect of Q926 on specificity enhancement. In case
of Sniper-Cas9 and xCas9 developed by directed evolution
with no engineering intention, Sniper-Cas9 has a consider-
ably larger value of SZ than ST, while xCas9 has a similar
value for ST and SZ. Figure 5 summarizes in which step of

the reaction pathway each of these Cas9 variants is likely to
perform off-target rejection.

DISCUSSION

Regarding the conformational dynamics we observed, it is
of value that we confirmed the correlation between the rela-
tive population of zipped conformation and the nuclease ac-
tivity applies to all Cas9 variants, indicating that the zipped
conformation is a prerequisite for the expression of nucle-
ase activity for all Cas9 complexes (Supplementary Figure
S4). It is also important that we identified three distinct
conformational states of the complex (i.e. Dzipped, transi-
tional and Dopen) and found that the off-target discrim-
ination of engineered Cas9 is mainly associated with the
increase in the population of molecules in the transitional
state (Figure 3B and Supplementary Figure S8).

We now consider how the Cas9:gRNA complex recog-
nizes the target DNA and exercises off-target discrimina-
tion. Based on our reaction model involving three successive
transitons between four conformational states, we were able
to identify the specific transition along the reaction path-
way (whether during or after DNA:RNA heteroduplexa-
tion) toward DNA cleavage that is particularly affected by
the structural change resulting from mutated residues in
each engineered Cas9 variant. For example, in the case of
evoCas9 and HypaCas9 with ST > SZ, most mutations in
Cas9 are located within the REC3 domain for direct inter-
action with the DNA:RNA heteroduplex of the PAM-distal
end heteroduplex (12). Therefore, charge destabilization by
mutating the original amino acids to alanine or other amino
acids inhibits the formation of TZipped from TOpen, which
is consistent with ST > SZ.

On the other hand, in the case of eCas9 and Cas9-HF1
with SZ > ST, the off-target discrimination occurs in the
post-heteroduplexation stage, which is consistent with the
engineering strategy of eCas9 that is intended to destabi-
lize the NTS after the heteroduplexation. With Cas9-HF1,
however, it appears inconsistent since most mutations for
Cas9-HF1 are located within the REC3 domain. The cul-
prit for this apparent discrepancy may lie in the fact that
not all REC3 mutations affect the interaction the same way
if they are directed to different residues within the REC3 do-
main. In fact, for Cas9-HF1, the mutations are introduced
at the N497 and R661 residues, which are known to interact
with the DNA:RNA heteroduplex at the PAM-middle re-
gion, so that mutations in these residues alone cannot effec-
tively discriminate the PAM-distal end mismatches (11). We
speculate that there must be a synergistic effect between dif-
ferent mutations to improve discrimination, especially with
the Q926A mutation with SZ > ST (Supplementary Fig-
ure S12), which is located in the linker between the RuvC
and HNH nuclease domains that has a critical function in
HNH rearrangement for DNA cleavage (11,28). The exact
role that mutated residues play in off-target discrimination
is more difficult to predict for engineered Cas9 variants de-
veloped by directed evolution with no engineering strategy.
Nevertheless, we expect that the off-target discrimination of
Sniper-Cas9 (with SZ > ST) due to the mutations located at
the nuclease lobe (M763I or K890N) may likely occur af-
ter DNA:RNA heteroduplexation, while the mutations in
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Figure 4. Specificity values (S) of wild-type and engineered Cas9 variants. (A) Specificity values (ST and SZ) of wild-type and engineered Cas9 variants.
(B) WT-normalized specificity values (ST and SZ) of engineered Cas9 variants (mean ± s.e.m., n = 2 or 3).

Figure 5. Schematic representation for different stages of off-target discrimination activity by Cas9:gRNA:DNA ternary complex of different Cas9 vari-
ants. Off-target discrimination occurs mainly in the stage of DNA:RNA heteroduplexation for of evoCas9 and HypaCas9, whereas it occurs in the post-
heteroduplexation stage for Cas9-HF1, eCas9 and Sniper-Cas9.

xCas9 may play a role in both mid-heteroduplexation and
post-duplexation processes.

There have been two major studies for the mechanism
of enhanced target specificity of engineered Cas9 variants.
Singh et al. observed the DNA unwinding-rewinding kinet-
ics of engineered Cas9 variants (eCas9 and Cas9-HF1) us-
ing single-molecule FRET assay (24) and found that the en-
gineered Cas9 variants are more sensitive to the PAM-distal
mismatches than WT in regulating the cleavage-competent
state (i.e. the DNA unwound state or zipped conforma-
tion). On the other hand, Liu et al. analyzed Cas9-HF1
and HypaCas9 by using stopped-flow assay and found that

the target discrimination by engineered Cas9 is achieved
by slowing the catalytic reaction, not by changing the un-
winding rate (29). Our study on engineered Cas9 variants
showed that most Cas9 variants have a distinct stage that
contributes toward their enhanced specificity; off-target dis-
crimination mainly takes place during heteroduplexation
for evoCas9 and HypaCas9, while it occurs in the post-
heteroduplexation step for eCas9, Cas9-HF1 and Sniper-
Cas9. In the case of HypaCas9, we note that our analysis
is at odds with Liu et al.’s result, but it is not clear whether
the disagreement reflects any one or a combination of fac-
tors such as target sequence dependency, difference in real
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kinetics (i.e. RNA:DNA zipping vs DNA unwinding), or
perhaps most likely, insufficient fitting fidelity of the data
for HypaCas9 with respect to off-target DNA from Liu et
al.’s work.

In summary, this work showed how different engineered
Cas9 variants exist in distinct conformational states in dif-
ferent fractions, how they undergo conformational transi-
tions in different propensities, and how the off-target dis-
crimination is activated in different stages along the overall
reaction pathway. We also explained how different struc-
tural aspects of mutation may affect the way engineered
Cas9 variants exercise their off-target discrimination. We
hope that the model we present here may help strengthen
rational designing principles for Cas9 variants to improve
their target specificity or to regulate a specific kinetic step.
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