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ABSTRACT

The Cas9 nuclease from Staphylococcus aureus
(SaCas9) holds great potential for use in gene ther-
apy, and variants with increased fidelity have been
engineered. However, we find that existing variants
have not reached the greatest accuracy to discrimi-
nate base mismatches and exhibited much reduced
activity when their mutations were grafted onto the
KKH mutant of SaCas9 for editing an expanded set
of DNA targets. We performed structure-guided com-
binatorial mutagenesis to re-engineer KKH-SaCas9
with enhanced accuracy. We uncover that introduc-
ing a Y239H mutation on KKH-SaCas9’s REC domain
substantially reduces off-target edits while retaining
high on-target activity when added to a set of mu-
tations on REC and RuvC domains that lessen its
interactions with the target DNA strand. The Y239H
mutation is modelled to have removed an interac-
tion from the REC domain with the guide RNA back-
bone in the guide RNA-DNA heteroduplex structure.
We further confirmed the greatly improved genome-
wide editing accuracy and single-base mismatch dis-
crimination of our engineered variants, named KKH-
SaCas9-SAV1 and SAV2, in human cells. In addition

to generating broadly useful KKH-SaCas9 variants
with unprecedented accuracy, our findings demon-
strate the feasibility for multi-domain combinatorial
mutagenesis on SaCas9’s DNA- and guide RNA- in-
teracting residues to optimize its editing fidelity.

INTRODUCTION

Translating genome editing technologies for therapeutic ap-
plications requires tools that are highly specific, robust, as
well as being able to be delivered in vivo, and applicable
for targeting a wide range of disease-relevant loci. CRISPR
(i.e. clustered regularly interspaced short palindromic re-
peats), a programmable gene-targeting system capable of
knocking out genes in human cells, has become a widely
used tool for genome editing and hold great potentials for
gene therapy applications (1,2). The CRISPR system has
two components: (i) the Cas9 nuclease and (ii) a single guide
RNA (sgRNA) that provides DNA sequence-targeting ac-
curacy. The targeting of the Cas9–sgRNA complex is me-
diated by the protospacer adjacent motif (PAM) located
at the DNA for Cas9 recognition and the homology be-
tween the ∼20-nucleotide recognition sequence encoded in
the sgRNA and the genomic DNA target. The targeted
protein-coding gene can be knocked out after the Cas9–
sgRNA complex finds and cleaves the exonic region of the
gene to generate frameshift mutations. The more commonly
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used CRISPR enzyme for genome editing, SpCas9, is de-
rived from the bacteria strain Streptococcus pyogenes, and
it finds DNA targets carrying an “NGG” PAM site. SpCas9
variants with a specific combination of mutations were en-
gineered to minimize its off-target editing (3–9). However,
fewer studies have been conducted on SaCas9, although
SaCas9 holds an important advantage of being smaller than
SpCas9 that enables its efficient packaging using adeno-
associated virus vectors for in vivo gene editing and gene
therapy applications.

SaCas9 was reported to edit the human genome with
similar efficiency as with SpCas9 (10). Using SaCas9 for
genome editing requires its target site to contain a longer
PAM site (i.e. “NNGRRT”). To overcome this limita-
tion, several mutational studies on SaCas9 were carried
out to broaden its PAM recognition (11–13), and KKH-
SaCas9 is one of the identified variants that recognizes an
“NNNRRT” PAM site. This variant is useful for therapeu-
tic genome editing because it can edit sites with PAM that
other small-sized Cas orthologs such as Cas9 from Campy-
lobacter jejuni (14) and Neisseria meningitidis (15), as well
as Cas12a (16) and Cas� (17) cannot recognize. In terms of
editing fidelity, SaCas9 variants (including SaCas9-HF (18)
and eSaCas9 (3)) carrying a specific combination of muta-
tions at its amino acid residues that interact with the tar-
geting or non-targeting DNA strand and the sgRNA were
shown to exhibit reduced off-target activity. Comparison
between SaCas9-HF with eSaCas9 revealed that they have
comparable on-target activity while SaCas9-HF has a lower
genome-wide off-target activity (18). However, grafting
the mutations (i.e. R245A/N413A/N419A/R654A) from
SaCas9-HF onto KKH saCas9 greatly reduced its on-target
activity in targeting many of the tested gene targets (18).
There is no SaCas9 variant with a broad targeting range
(such as KKH-SaCas9) being engineered with both high ef-
ficiency and proven genome-wide accuracy, which is needed
for therapeutic applications. Here we engineered and char-
acterized a panel of combination mutants for KKH-SaCas9
and identified new variants that are super-accurate and ef-
ficient.

MATERIALS AND METHODS

Construction of DNA vectors

The vector constructs used in this study (Supplemen-
tary Table S1) were generated using standard molecu-
lar cloning techniques, including PCR, restriction en-
zyme digestion, ligation, and Gibson assembly. Custom
oligonucleotides were purchased from Genewiz. To create
the expression vector encoding KKH-SaCas9-HF, KKH-
efSaCas9 and KKH-eSaCas9, the SaCas9 sequences were
amplified/mutated from Addgene #61591 and #117552 by
PCR and cloned into the pFUGW lentiviral vector back-
bone. To construct the expression vector containing U6
promoter-driven expression of a sgRNA that targeted a spe-
cific locus, oligo pairs with the gRNA target sequences were
synthesized, annealed, and cloned in the pFUGW-based
vector. The gRNA spacer sequences are listed in Supple-
mentary Table S2. The constructs were transformed into E.
coli strain DH5�, and 50 �g/ml of carbenicillin/ampicillin
was used to isolate colonies harboring the constructs. DNA

was extracted and purified using Plasmid Mini (Takara) or
Midi (Qiagen) kits. Sequences of the vector constructs were
verified with Sanger sequencing.

A library of KKH-SaCas9 variants with combinations
of substitution mutations was constructed. Based on pre-
dictions from protein structure models, we focused on 12
amino acid residues that were predicted to make contacts
with or be in close proximity to the DNA and sgRNA
backbones, and modified them to harbor specified substitu-
tions (Supplementary Table S3). Some of those mutations
are present in SaCas9-HF (18) and eSaCas9 (3). We hy-
pothesized that specific combinations of these mutations
in KKH-SaCas9 could reduce its undesirable off-target ac-
tivity, while maximizing its on-target editing efficiency. To
assemble the KKH-SaCas9 variants with combinations of
substitution mutations, the KKH-SaCas9 sequence is mod-
ularized into four parts (P1 to P4). The modularized parts
with specific mutations were generated by PCR or synthe-
sis, and each of them is flanked by a pair of type IIS re-
striction enzyme cut sites on their two ends. The variants
within each part were pooled together. Type IIS restric-
tion enzymes were used to iteratively digest and ligate to
the subsequent pool of DNA parts in a lentiviral vector
to generate higher-order combination mutants. Since diges-
tion with type IIS restriction enzymes generates compatible
overhangs that are originated from the protein-coding se-
quence, no fusion scar is formed in the ligation reactions. A
set of 27 variants (i.e. v3.1-20, v3.22-25 and v3.27-29) were
randomly sampled from the combination mutant library of
KKH-SaCas9 and their editing activities were individually
characterized using multiple sgRNA reporter lines.

Human cell culture

HEK293T and SK-N-MC cells were obtained from Ameri-
can Type Culture Collection (ATCC). MHCC97L cells were
gifts from S. Ma (School of Biomedical Sciences, The Uni-
versity of Hong Kong). OVCAR8-ADR cells were gifts
from T. Ochiya (Japanese National Cancer Center Research
Institute, Japan), and the identity of the OVCAR8-ADR
cells was confirmed by a cell line authentication test (Genet-
ica DNA Laboratories). OVCAR8-ADR cells were trans-
duced with lentiviruses encoding RFP and GFP genes ex-
pressed from UBC and CMV promoters, respectively, and a
tandem U6 promoter-driven expression cassette of sgRNA
targeting GFP site. ON1 and ON2 lines harbor sgRNA’s
spacer that matches completely with the target sites on
GFP, while OFF1, OFF2 and OFF3 lines harbor single-
base mismatches to the targets site. To generate cell lines
stably expressing SaCas9 protein, cells were infected with a
lentiviral expression vector encoding KKH-SaCas9, KKH-
SaCas9- SAV1 and SAV2, followed by P2A-BFP. These
cells were sorted using a Becton Dickinson BD Influx cell
sorter. HEK293T, SK-N-MC and MHCC97L cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM).
supplemented with 10% heat-inactivated FBS and 1×
antibiotic-antimycotic (Thermo Scientific) at 37◦C with 5%
CO2. OVCAR8-ADR cells were cultured in RPMI supple-
mented with 10% heat-inactivated FBS and 1× antibiotic-
antimycotic (Thermo Scientific) at 37◦C with 5% CO2. Cells
were regularly tested for mycoplasma contamination and
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were confirmed to be negative. Lentivirus production and
transduction were carried out as previously described (9).

Fluorescent protein disruption assay

Fluorescent protein disruption assays were performed to
evaluate DNA cleavage and indel-mediated disruption at
the target site of the fluorescent protein (i.e. GFP) brought
by SaCas9 and gRNA expressions, which results in loss of
cell fluorescence. Cells harboring an integrated GFP and
RFP reporter gene and together with SaCas9 and sgRNA
were washed and resuspended with 1× PBS supplemented
with 2% heat-inactivated FBS, and assayed with a Bec-
ton Dickinson LSR Fortessa Analyzer or ACEA NovoCyte
Quanteon. Cells were gated on forward and side scatter. At
least 1 × 104 cells were recorded per sample in each data set.

Immunoblot analysis

Immunoblotting experiments were carried out as previously
described (9). Primary antibodies used were: anti-SaCas9
(1:1,000, Cell Signaling #85687) and anti-GAPDH (1:5000,
Cell Signaling #2118). Secondary antibody used was HRP-
linked anti-mouse IgG (1:10 000, Cell Signaling #7076)
and HRP-linked anti-rabbit IgG (1:20 000, Cell Signaling
#7074).

T7 Endonuclease I assay

T7 endonuclease I assay was carried out as previously de-
scribed (9). Amplicons harboring the targeted loci were gen-
erated by PCR. The PCR primer sequences are listed in
Supplementary Table S4. Quantification was based on rel-
ative band intensities measured using ImageJ. Editing effi-
ciency was estimated by the formula, 100 × (1 − (1 − (b
+ c)/(a + b + c))1/2) as previously described (19), where
a is the integrated intensity of the uncleaved PCR prod-
uct, and b and c are the integrated intensities of each cleav-
age product. Normalized editing efficiency brought by the
KKH-SaCas9 variants to those by wild-type are calculated
for each sgRNA.

GUIDE-seq

Genome-wide off-targets were accessed using the GUIDE-
seq method (20). Experimental procedures for preparing se-
quencing libraries were carried out as previously described
(9). For each GUIDE-seq sample, 1.6 million MHCC97L
cells infected with SaCas9 variants and sgRNAs (EMX1-
sg2, EMX1-sg7, VEGFA-sg3, AAVS1-sg4 and CCR5-
sg2) were electroporated with 1100 pmol freshly annealed
GUIDE-seq end-protected dsODN using 100 �l Neon
tips (ThermoFisher Scientific) according to the manufac-
turer’s protocol. The dsODN oligonucleotides used for an-
nealing were 5′-P-G∗T∗TTAATTGAGTTGTCATATGT
TAATAACGGT∗A∗T-3′ and 5′-P-A∗T∗ACCGTTATTA
ACATATGACAACTCAATTAA∗A∗C-3′, where P repre-
sents 5′ phosphorylation and asterisks indicate a phos-
phorothioate linkage. The electroporation parameters used
were 1100 volts, 20 pulse width, and pulse 3. Similarly,
1.5 million OVCAR8-ADR cells infected with SaCas9 vari-
ants and the VEGFA-sg8 sgRNA were electroporated with

the dsODN. Sequencing libraries were sequenced on Illu-
mina NextSeq System and analysed using the GUIDE-seq
software (21). Our updated GUIDE-seq software is based
on tsailabSJ/guideseq with the following modifications: (i)
changes to make it compatible with python 3.8; (ii) con-
figurable UMI length and sample index length; (iii) config-
urable PAM sequence; (iv) tox automated testing for python
3.8 to test against alignment data generated by bwa-0.7.17.

Deep sequencing

Deep sequencing was carried out as previously described
(22). OVCAR8-ADR cells were infected with SaCas9 vari-
ants and the sgRNAs bearing perfectly matched or single-
base-pair-mismatched protospacer sequences. Amplicons
harboring the targeted loci were generated by PCR. ∼1
million reads per sample on average were used to evaluate
the editing consequences of >10 000 cells. Indel quantifica-
tion around the protospacer regions was conducted using
CRISPresso2 (23).

Reverse transcription quantitative PCR (RT-qPCR)

OVCAR8-ADR cells were transduced by BFP-tagged
KKH-dSaCas9-KRAB variants and then by GFP-marked
sgRNA lentiviral vectors 3 days after. Co-infected cells
were sorted by BD FACSAria SORP based on the fluo-
rescent signals 7 days post-sgRNA infection. Total RNA
was extracted from the sorted cells and reverse transcription
were done by using MiniBEST Universal RNA Extraction
Kit and PrimeScript™ RT Reagent Kit (TaKaRa), respec-
tively, according to the manufacturer’s instructions. qPCR
was performed using TB Green Premix Ex Taq (TaKaRa),
with the standard PCR protocol. Relative gene expressions
were determined relative to GAPDH using standard ��Ct
method (2–��Ct). qPCR primers used are listed in Supple-
mentary Table S4.

Molecular modelling

Molecular dynamic simulations were conducted on the vari-
ants using DynaMut (24). The variants mutations were
singly inputted into the webserver, and the structural out-
puts were then aligned with the crystal structure of SaCas9
(PDB: 5CZZ) on PyMol. The predicted rotamer of the
mutations as indicated by DynaMut was then used to re-
place the amino acid positions on the SaCas9 crystal struc-
ture. The predicted interactions determined by DynaMut
and Pymol were then drawn on the crystal structure to
provide a putative representation of the SaCas9 variants.
Chimera v.1.4 was used for intermolecular contacts estima-
tion, atom-atom distance calculation, and visualization of
the protein model.

RESULTS

Identification of KKH-SaCas9 SAV1 and SAV2 variants with
enhanced accuracy

We have previously described over 50% reduction of
KKH-SaCas9’s activity on editing three out of five en-
dogenous loci when mutations found on SaCas9-HF

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/3/1650/6509098 by C

ity U
niversity of H

ong Kong Library user on 07 June 2022



Nucleic Acids Research, 2022, Vol. 50, No. 3 1653

(i.e. R245A/N413A/N419A/R654A) was directly grafted
onto it (18). We have confirmed this observation by evaluat-
ing the editing efficiency of KKH-SaCas9-HF against addi-
tional endogenous loci and detected 88% of reduction (aver-
aged from nine sgRNAs) in its on-target activity when com-
pared to KKH-SaCas9 (Figure 1A; Supplementary Fig-
ure S1). Here we attempted to re-engineer KKH-SaCas9
with low off-target and high on-target editing activities. It
is plausible that specific mutations found on SaCas9-HF
may be detrimental to KKH-SaCas9’s overall activity, and
alternative residues and substitutions could be exploited
to more optimally engineer the enzyme. Based on protein
structure analyses, multiple residues of SaCas9, including
those scattered over its REC and RuvC domains, are pre-
dicted to interact with the DNA and sgRNA backbones
(Supplementary Table S3). To gain insights on which of
those residues play more important roles in affecting KKH-
SaCas9’s activity, we started off to assemble and randomly-
sample variants with combinations of 12 substitution mu-
tations that are located at the different regions of the pro-
tein (see Materials and Methods) and measure their on-
and off-target editing activities of variants. An initial set
of 27 variants (i.e. v3.1-20, v3.22-25 and v3.27-29) carry-
ing different sets of these substitution mutations were indi-
vidually constructed and characterized using two sgRNAs
targeting a GFP reporter. Among these variants analyzed,
we noted that there was a stark contrast of on-target ac-
tivities between variants with and without R245A. Vari-
ants harboring R245A showed >60% of reduction (and in
most cases >80% reduction) in at least one out of the two
tested sgRNAs at day 15 post-transduction in the green flu-
orescent protein (GFP) disruption assays, which is similar
to that detected for the R245A-containing KKH-SaCas9-
HF (Figure 1B). Based on molecular modelling, R245 is
predicted to make multiple contacts with the DNA back-
bone (Figure 1C). Losing too many interactions with the
DNA may explain the incompatibility of adding R245A
to N413A/N419A/R654A mutations that were found on
SaCas9-HF in the KKH-SaCas9 setting. Indeed, grafting
only three mutations N413A/N419A/R654A but not in-
cluding R245A completely restored the on-target activities
of KKH-SaCas9 (Figure 1B). However, there was also a
minimal reduction of its off-target activities (Figure 1B),
indicating the need for alternative mutations to improve
KKH-SaCas9’s editing accuracy.

Maintaining the core stability of the Cas9 protein
and the intricate balance of contacts between sgRNA
and DNA seems to be crucial for retaining the on-
target activities while reducing off-targeting (8,9). Promis-
ing KKH-SaCas9 variants with high activity and tar-
geting accuracy were identified among the variants ana-
lyzed. Eight of the variants (i.e. v3.18, v3.8, v3.22, v3.24,
v3.19, v3.16, v3.10, v3.2) showed high on-target activi-
ties (with >60% of KKH-SaCas9 activity at day 15 post-
transduction, averaged from two sgRNAs), and 7 of them
exhibited greatly reduced off-target activities (decreased
by >90%; being characterized using 3 individual sgR-
NAs each bearing a single-base-pair-mismatched proto-
spacer sequence) (Figure 1B). In particular, the variant
v3.16 harboring Y239H/N419D/R499A/Q500A/Y651H

mutations generated the fewest off-target edits after 15
days post-transduction (reduced by >95%) and resulted
in an average of ∼70% of on-target activity, when com-
pared to KKH-SaCas9 (Figure 1B; Supplementary Fig-
ure S2). This variant v3.16 was able to better discrim-
inate most of the single-base-pair mismatches between
the DNA target and the tested sgRNA, which span over
the entire protospacer sequence (Figure 1D; Supplemen-
tary Figure S3). We designated this super-accurate vari-
ant as KKH-SaCas9-SAV1 (hereinafter also referred to as
“SAV1”). Furthermore, we identified another variant v3.10
(hereinafter referred to as KKH-SaCas9-SAV2 or “SAV2”)
harboring Y239H/N419D/R654A/G655A mutations that
showed very few off-target edits at day 7 post-transduction
similar to SAV1, exhibiting comparable on-target activ-
ity (an average of ∼80%) to KKH-SaCas9 (Figure 1B, D;
Supplementary Figure S2; S3). Variants harboring addi-
tional substitution(s) over the quadruple mutant SAV2 ex-
hibited lower on-target activities (Figure 1B; 2A). Variant
v3.1, another tested variant which is like SAV2 but carries
R245A instead of Y239H, also resulted in less on-target ed-
its than SAV2 (Figure 1B). The R245-containing v3.1 when
added with Y239H (as well as other tested variants con-
taining both Y239H and R245A) indeed showed reduced
editing more consistently across the two on-target sites
tested (Figure 1B), which suggests that Y239H and R245A
co-mutation is particularly detrimental to the enzyme’s
activity. SAV1 and SAV2 were thus selected for further
characterization.

We attempted to gain structural insights on why KKH-
SaCas9-SAV1 and SAV2 exhibit low off-target and high on-
target activities, and our results revealed a pivotal role of
the previously unreported Y239H substitution in determin-
ing target accuracy while maintaining the activity of KKH-
SaCas9. We found that SAV2 lacking Y239H (i.e. vari-
ant v3.2) generated substantially more off-target edits (Fig-
ure 1B; Supplementary Figure S2). In other words, the
triple mutant combination (N419D/R654A/G655A) alone
is insufficient in minimizing off-target editing. Replacing
Y239H with R245A in SAV2 also increased off-target ed-
its, and such variant exhibited reduced on-target activity
(Figure 1B). Based on molecular modelling, mutating Y239
into histidine could weaken the enzyme’s bonding with the
sgRNA backbone to reduce off-target editing, while pre-
serving the �–� interactions with its F418 (Figure 2B).
We also mutated Y239 into arginine that could maintain
its bonding with the sgRNA backbone but form a cation–
� interaction with F418 (Figure 2B). The variant bearing
Y239R instead of Y239H indeed generated less overall ac-
tivity with a more similar on-to-off targeting ratio as KKH-
SaCas9 (Figure 2A). This observation supports the possi-
ble involvement of the �-� interaction in maintaining the
enzyme’s structural stability and activity. We also observed
that adding substitutions including N394T (i.e. v3.24 in Fig-
ure 1B) or T392A/N394T (Figure 2A) to SAV2 decreased
its activity. N394T is modelled to reduce interaction with
the sgRNA backbone at the side opposite to where Y239 in-
teracts (Supplementary Figure S4). Losing multiple interac-
tions with the sgRNA backbone may account for the drop
of SAV2’s activity when these mutations were added. The
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Figure 1. Identification of KKH-SaCas9- SAV1 and SAV2 variants with enhanced accuracy. (A) KKH-SaCas9-HF exhibits low on-target activity assessed
by T7E1 assay. Activity is normalized to those of KKH-SaCas9, and mean and standard deviation are shown for sgRNAs targeting 9 loci. The full dataset
is presented in Supplementary Figure S1. (B–D) KKH-SaCas9 variants carrying different mutation combinations were characterized using GFP disruption
assays. Editing efficiency of KKH-SaCas9 variants was measured as percentage of cells with depleted GFP fluorescence and compared to efficiency for
KKH-SaCas9. The percentages of off-target GFP disruption are presented in Supplementary Figure S2. Data in D shown are mean and standard deviation
obtained from three biological replicates. Molecular models of R245A mutation in SaCas9 are shown in panel C.
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Figure 2. Y239H is important for KKH-SaCas9-SAV2’s editing specificity and activity. (A) KKH-SaCas9-SAV2 carrying a Y239R substitution and/or
additional mutations were individually constructed and characterized using GFP disruption assays. OVCAR8-ADR cells harboring reporter constructs
with two on-target sgRNAs and three off-target sgRNAs were infected with lentiviruses encoding the individual KKH-SaCas9 mutants. After 7- and 15-
day post-infection, the editing efficiency of the KKH-SaCas9 variants was measured as the percentage of cells with depleted GFP fluorescence using flow
cytometry. Mean and standard deviation obtained from at least two biological replicates are shown. (B) Molecular modelling of Y239H/R mutations in
SaCas9 depicts their differential interactions with F418 of SaCas9 and the sgRNA backbone.

result showing that SAV2 with Y239R instead of its original
Y239H mutation was slightly less susceptible to the drop of
activity brought by T392A/N394T addition could be due to
the prediction that Y239R does not lose its interaction with
the sgRNA backbone. Thus, tuning the enzyme’s interac-
tion with the sgRNA backbone to reduce off-target editing,
while maintaining high on-target activity, requires optimal
engineering at specific site(s). In addition, we tested the re-
placement of R245A with Y239H in KKH-SaCas9-HF to
improve its activity and target accuracy. We found that such
replacement resulted in fewer off-target edits while partially
restoring the enzyme’s on-target activity (Figure 1B; Sup-
plementary Figure S2). Nonetheless, this variant still exhib-
ited far lower on-target activity and greater off-target activ-
ity than SAV2, suggesting that Y239H orchestras with the
also off-target-reducing N419D/R654A/G655A mutations
(i.e. variant v3.2, Figure 1B) to achieve optimal editing per-
formance for SAV2.

Comparison of on- and off- target activities of KKH-SaCas9
variants

We compared the on- and off-target activities of SAV1
and SAV2 with existing/candidate high-fidelity variants
of KKH-SaCas9. Our results from GFP disruption as-
says showed that SAV1 and SAV2 exhibited higher on-
target editing activity than KKH-SaCas9-HF, (i.e. ∼70%,
∼85% and ∼40% of KKH-SaCas9 activity for SAV1,
SAV2 and KKH-SaCas9-HF, respectively), and generated
much less off-target edits (i.e. reduced by >98%, ∼95% and
∼60% for SAV1, SAV2 and KKH-SaCas9-HF, respectively,
when compared to KKH-SaCas9) (Figure 3A). A candi-
date N260D substitution was more recently reported to re-
duce the off-target activity of SaCas9 (25). We grafted this
mutation onto KKH-SaCas9 to generate KKH-efSaCas9.
Despite this variant exhibited comparable on-target ac-
tivity to KKH-SaCas9 and SAV2, it generated a high
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Figure 3. Comparison of on- and off- target activities of KKH-SaCas9 variants. (A, B) KKH-SaCas9 variants carrying different mutation combinations
were constructed and characterized using GFP disruption assays. The editing efficiency of the KKH-SaCas9 variants was measured as the percentage
of cells with depleted GFP fluorescence and compared to the efficiency for KKH-SaCas9. Mean and standard deviation obtained from three biological
replicates are shown. (C) Specificity and activity scores for tested variants.

frequency of off-target edits (i.e. reduced by only ∼40% for
KKH-efSaCas9 versus ∼95% for SAV2, when compared to
KKH-SaCas9) (Figure 3A). Adding N260D to mutations
on SAV1 and SAV2 greatly reduced their on-target activi-
ties (Supplementary Figure S5). Another variant with mu-
tations grafted from eSaCas9 (3) onto KKH-SaCas9 gener-
ated off-target edits fewer than those by wild-type but more
than those by SAV2, while it produced more on-target ed-
its with the two tested sgRNAs (Figure 3B). The differences

in the editing efficiencies observed were not due to the dis-
crepancy in protein expression levels of the variants (Sup-
plementary Figure S6). These results indicated that SAV1
and SAV2, along with KKH-eSaCas9, showed superior fi-
delity and efficiency to other existing variants (Figure 3C).

We further characterized the performance of SAV1,
SAV2 and KKH-eSaCas9 in editing endogenous genomic
loci, we performed T7 Endonuclease I mismatch de-
tection assay, Genome-wide unbiased identification of
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Figure 4. Evaluation of endogenous on-target and genome-wide off-target activities of KKH-SaCas9 variants. (A) Assessment of KKH-SaCas9 variants’
on-target editing with sgRNAs targeting endogenous loci. The percentage of sites with indels was measured using a T7 endonuclease I (T7E1) assay. The
ratio of the on-target activity of KKH-SaCas9-SAV1, SAV2 and KKH-eSaCas9 to the activity of KKH-SaCas9 was determined, and the median and
interquartile range for the normalized percentage of indel formation are shown for the 5-6 loci tested in three cell lines. Each locus was measured twice
or three times; the full dataset is presented in Supplementary Figure S7. (B) GUIDE-seq genome-wide specificity profiles for the KKH-SaCas9 variants
paired with the indicated sgRNAs in MHCC97L (for EMX1-sg7 and AAVS1-sg4) and OVCAR8-ADR (for VEGFA-sg8) cells. Mismatched positions in
off-target sites are colored, and GUIDE-seq read counts were used as a measure of the cleavage efficiency at a given site.
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Figure 5. KKH-SaCas9- SAV1 and SAV2 showed improved single-base mismatch discrimination. Assessment of the specificity of the KKH-SaCas9 vari-
ants when there were single-base mismatches between the sgRNA and the target endogenous loci. The percentage of indels at the target loci was measured
using deep sequencing assay.

double-strand breaks enabled by sequencing (GUIDE-seq),
and deep sequencing to evaluate their on- and off-target ac-
tivities in three cell lines. By assaying multiple endogenous
loci that we and others have previously studied (11,18), we
showed that SAV1, SAV2 and KKH-eSaCas9 exhibited a
median editing efficiency of 51%, 72% and 87% of KKH-
SaCas9’s activity, respectively (Figure 4A; Supplementary
Figure S7) in OVCAR8-ADR cells, which is much higher
than KKH-SaCas9-HF (Figure 1A). Comparison of the

variants’ on-target activity was extended to SK-N-MC and
MHCC97L cells, and our results showed a similar trend.
The normalized median editing efficiency for each variant
was: 43% for SAV1, 65% for SAV2 and 111% for KKH-
eSaCas9 in SK-N-MC cells, while 65% for SAV1, 81% for
SAV2 and 110% for KKH-eSaCas9 in MHCC97L cells
(Figure 4A). GUIDE-seq results indicated that SAV1 and
SAV2 resulted in higher on- to off-targeting ratio than wild-
type in all tested loci (Figure 4B; Supplementary Figure
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S8). We further evaluated the variants’ ability to discrimi-
nate target sequences with single-base mismatches. Deep se-
quencing analysis was performed using a panel of sgRNAs
that are perfectly matched or carry a single-base mismatch
to the target sequences (i.e. VEGFA and FANCF). Com-
pared with wild-type and KKH-eSaCas9, SAV1 and SAV2
much better discriminated the single-base mismatches, in-
cluding those located distal to the PAM region, between the
endogenous target and the sgRNAs (Figure 5). These re-
sults corroborate the on- and off-target activities observed
for these variants in our experiments using GFP disruption
assays and confirmed the high fidelity of KKH-SaCas9-
SAV1 and KKH-SaCas9-SAV2 efficiently generated more
accurate genomic edits against sequences with a single-base
mismatch.

DISCUSSION

In summary, through combinatorial mutagenesis, we suc-
cessfully identified KKH-SaCas9-SAV1 and KKH-SaCas9-
SAV2, which harbor new sets of mutations that con-
fer KKH-SaCas9 with high editing accuracy and effi-
ciency. Our work addresses the unmet need for highly
specific and efficient variants of KHH-SaCas9 that can
make edits across a broad range of genomic targets
(i.e. with “NNNRRT” PAM), including sites harboring
“NHHRRT” PAM that could not be targeted by other high-
fidelity SpCas9 variants that recognize “NGG” PAM. We
further reveal that SAV1 and SAV2 have an enhanced abil-
ity to distinguish targets with single-nucleotide differences
including those located distantly from the PAM. Current
strategies to target mutant allele using SaCas9 requires the
pathogenic single-nucleotide polymorphism (SNP) or mu-
tation to be located within the seed region of the sgRNA or
using an SNP-derived PAM to achieve SNP-specific target-
ing without cleaving the wild-type allele. However, these do
not apply to SNPs that are located outside of the seed region
or those that do not generate a new PAM for SaCas9 target-
ing. The unique ability of SAV1 and SAV2 in distinguishing
a broader range of single-nucleotide mismatches could ex-
pand the scope and capabilities of genome editing at loci
with SNPs and mutations located further away from the
PAM, which has not been previously achieved. When com-
pared to wild-type KKH-SaCas9, we observed that some
of the endogenous target loci showed a greater reduction
in editing efficiency when SAV1 and SAV2 were used. Such
variability of the relative editing efficiency among loci was
also previously reported for other high-fidelity SpCas9 vari-
ants (5,26). This could be due to the sgRNA/target se-
quence dependencies for each variant, because each variant
was engineered with mutations that interact with different
regions of the DNA and/or sgRNA backbone(s). We antic-
ipate that a comprehensive investigation using a large reper-
toire of sgRNAs paired with their endogenous target se-
quences will help delineate the relationship between sgRNA
sequence features and activity for individual variants in fu-
ture experiments.

Screening combinatorial mutations have been technically
challenging due to the huge combinatorial space to search
in, and only a limited number of mutants could be char-
acterized in practice. For example, performing a saturated

mutagenesis screen on 12 amino acid residues requires 2012

(i.e. 4 × 1015) variants to be screened, which is practically
infeasible. In this work, we applied a structure-guided ap-
proach to rationally select mutations for our engineering
and testing. Our results demonstrate the feasibility of en-
gineering highly accurate KKH-SaCas9 enzyme via mutat-
ing multiple DNA- and sgRNA- interacting residues that
span over the different parts of the protein. Of note, we ob-
served that grafting SAV1 and SAV2 mutations onto the
nuclease-dead version of KKH-SaCas9 showed compara-
ble gene knockdown efficiency and specificity to their wild
type and KKH-eSaCas9 counterparts (Supplementary Fig-
ure S9). This suggests that the enhanced editing specificity
of SAV1 and SAV2 nucleases is more likely dictated at the
DNA cleavage level, rather than the DNA binding level.
The mutations, including Y239H, identified in this work
are thus useful building blocks for further engineering of
KKH-SaCas9 nucleases. With new methods being devel-
oped for combinatorial mutagenesis en masse (9) and pro-
tein engineering using machine learning (27,28), we antic-
ipate a more systematic follow-up work to be carried out
to exploit the large combinatorial mutational landscape for
identifying other optimal sets of mutations that confer the
enzyme with ultimate accuracy and higher efficiency for
KKH-SaCas9, as well as wild-type SaCas9 and other en-
gineered SaCas9 variants with altered PAM (12,13).
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