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Abstract

The Cas9 endonuclease of the CRISPR/Cas type IIA system from Streptococcus pyogenes is the heart of genome editing
technology that can be used to treat human genetic and viral diseases. Despite its large size and other drawbacks, S. pyogenes
Cas9 remains the most widely used genome editor. A vast amount of research is aimed at improving Cas9 as a promising
genetic therapy. Strategies include directed evolution of the Cas9 protein, rational design, and domain swapping. The first
generation of Cas9 editors comes directly from the wild-type protein. The next generation is obtained by combining muta-
tions from the first-generation variants, adding new mutations to them, or refining mutations. This review summarizes and

discusses recent advances and ways in the creation of next-generation genomic editors derived from S. pyogenes Cas9.

Key points

o The next-generation Cas9-based editors are more active than in the first one.
o PAM-relaxed variants of Cas9 are improved by increased specificity and activity.
o Less mutagenic and immunogenic variants of Cas9 are created.

Keywords Streptococcus pyogenes Cas9 - Next-generation genomic editors - High-fidelity Cas9 variants - Altered PAM

specificity - Cas9 immunopeptides

Introduction

The S. pyogenes type II-A CRISPR/Cas9 system was the first
to be harnessed for genome editing technology (Jinek et al.
2013; Cong et al. 2013; Mali et al. 2013), which is widely
used in basic research and applied fields, including human
gene therapy (Cerci et al. 2023). The most commonly used
CRISPR/Cas systems are type II and V of class II and are
characterized by a single multidomain effector protein that
has all the activities required to find the genomic target and
to cleave it. S. pyogenes Cas9 is the most studied and widely
used genomic and post-genomic editor. This is probably
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because Cas9 is generally more active in eukaryotic cells
than other Cas effectors, both in vitro (Xin et al. 2022;
Huang et al. 2023) and in vivo (Li et al. 2020). However, a
number of drawbacks have hindered its use as a therapeutic
genome editor, such as its large size, immunogenicity, and
relatively high off-target rate compared to other Cas endo-
nucleases. Therefore, large efforts are focused on improving
the properties of S. pyogenes Cas9. Strategies to improve
Cas9 include fusion with proteins for spatiotemporal con-
trol of Cas9 activity (Zhuo et al. 2021), fusion with pro-
teins to add necessary functions, e.g., control of DNA repair
pathways (Richardson et al. 2023), fusion with enzymes to
create novel genome editors, like prime editors or base edi-
tors (Tao et al. 2023; Saber Sichani et al. 2023; Porto and
Komor 2023), guide RNA engineering (Dong et al. 2022),
and Cas9 engineering itself (Huang et al. 2022; Zhuo et al.
2021; Bravo et al. 2022a, b). Reviews on Cas9 engineer-
ing mainly discuss the first generation of Cas9 variants,
which are derived from wild-type Cas9. First-generation
Cas9 editors were created mainly to increase Cas9 fidelity.
However, these variants tend to exhibit reduced on-target
activity (Lee et al. 2018; Vakulskas et al. 2018; Shor et al.
2022). To address this issue, next-generation editors with
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not only high specificity but also increased on-target activity
and other improved Cas9 characteristics are being created.
This review discusses recent advances in the development
of next-generation Cas9 editors in the following directions:
increasing the activity of high-fidelity variants, expanding
the range of targets, changing DNA repair outcome, and
reducing immunogenicity.

Structure of S. pyogenes Cas9 and its
molecular mechanism of action

Before discussing improved Cas9 variants, it is necessary
to describe the current knowledge of the structure and
mechanism of action of Cas9 as an RNA-directed DNA
endonuclease.

S. pyogenes Cas9 is a 1368 aa protein that consists of
a nuclease (NUC) lobe containing two nickase domains
and a recognition (REC) lobe with the ability to bind and
retain a DNA-RNA duplex (Fig. 1). The most important
domains of the NUC lobe are (1) RuvC, assembled from
three parts of RuvC-I (1-56 aa), RuvC-II (718-764 aa),
and RuvC-III (924-1098 aa), which assemble spatially and
cleave the non-target DNA strand by a two-metal-dependent
mechanism, (2) HNH (777-905 aa), which cleaves the target
strand by a one-metal-dependent mechanism, and (3) the
protospacer adjacent motif (PAM)-interacting domain (PID,
1099-1368 aa), which binds the PAM, unique to each Cas
effector. The NUC lobe also includes two linkers (765-776
and 906-923 aa), which are critical for domains mobility.
The REC lobe occupies positions 57717 and consists of the
REC-I (95-180 and 309—480 aa), REC-II (181-308 aa), and
REC-III (481-717 aa) domains and contains the so-called
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bridging helix (5§7-94 aa), and is necessary for the formation
and reorganization of the DNA-RNA complex that occurs
before Cas9-dependent DNA cleavage. We emphasize that
the boundaries of the corresponding domains differ slightly
in different publications; therefore, we use only approximate
ones here.

In the inactive apo form, Cas9 is in the open conforma-
tion and has an unstructured nucleolytic HNH domain and
a protospacer interacting motif (PAM) (Jinek et al. 2014).
Moreover, the active site of the HNH domain is blocked by
the beta-hairpin (residues 1049-1059) of the RuvC domain
(Jinek et al. 2014). The first set of major conformational
changes of Cas9 occurs upon sgRNA binding that result in
(1) REC-III moving in close proximity to HNH, thus dis-
placing the inhibitory RuvC beta-hairpin and activating
HNH, (2) organizing PID conformation to a state compe-
tent for PAM search, and (3) preforming the sgRNA spacer
in the A-conformation, which is one of the possible modes
of nucleic acid existence with 11 base pairs per turn of the
right-handed helix, and such a form is thermodynamically
more favorable for the formation of the sgRNA:target DNA
heteroduplex, and thus it is necessary for further Cas9 action
(Jiang et al. 2015). Moreover, the REC-I domain is particu-
larly important in these motions because it contains several
Glu-Glu motifs (E102-E103, E108-E109, E370-E371) that
form temporary ionic bonds with positively charged resi-
dues (e.g., R69, R75, K218, K506, R635, and R1114) during
these conformational changes (Liu et al. 2019). Simultane-
ously, the sugar-phosphate backbone of the sgRNA makes
extensive contacts with the REC domains and the long argi-
nine-rich bridging helix (residues 57-94, BH). The Cas9/
sgRNA complex then searches for PAM (5'-NGG-3’) using
a combination of three-dimensional and one-dimensional
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Fig.1 Scheme of domain positions in S. pyogenes Cas9. The num-
bers show the start and end of the domain we have accepted in this
review and may vary from article to article. Abbreviations: NUC
nuclease lobe, REC recognition lobe, RuvC-I, II, III nuclease domain
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diffusion along the DNA (Globyte et al. 2019). R1333 and
R1335 in PID are responsible for direct contacts with PAM
guanines (Anders et al. 2014). However, these interactions
are weak (Cofsky et al. 2022), and they are likely enhanced
by contacts with the sugar-phosphate base of the sequence
downstream of PAM (Zhang et al. 2019; Q. Zhang et al.
2021a, b, c¢), which also facilitates further steps. After
binding PAM and its context, Cas9 bends and twists the
target DNA with a phosphate lock loop (K1107-S1109)
of PID domain and a group of four lysines (K233/K234/
K253/K263), a so-called “helical core region” in the REC-
IT domain that binds to the sugar-phosphate backbone of
the target strand (Cofsky et al. 2022). This is accompanied
by a second set of lesser Cas9 conformational changes,
which include relocation of the REC-II, REC-III, and HNH
domains (Pacesa et al. 2022). As a result, the bases of the
target strand near the PAM are flipped. If the bases of the
protospacer and spacer are complementary, directional for-
mation of the RNA:DNA hybrid, also called the R-loop,
begins. R-loop formation is a rate-limiting process that is
often targeted by mutations in engineered high-fidelity Cas9
variants. The ten nucleotides adjacent to the PAM (“seed
region”) are critical for the formation of a stable DNA:RNA
heteroduplex. Mismatches in the seed region can lead to
Cas9 dissociation from the DNA fragment to probe another
sequence as a target (Singh et al. 2016). The ability of Cas9
to tolerate mismatches depends largely on the free energy
of formation of the RNA:DNA heteroduplex (Corsi et al.
2022). If the free energy of DNA:RNA annealing is suf-
ficient, R-loop formation occurs in two steps (Ivanov et al.
2020). The first step is the formation of an intermediate
partial R-loop, which includes mainly the seed region. The
second step is the formation of the cleavage-competent
open state. The success at this stage can be affected by mis-
matches. In general, wild-type Cas9 tolerates mismatches
well outside the seed region (Zeng et al. 2018) and can even
hydrolyze GC-rich targets with six mismatches although at
low efficiency (Fu et al. 2013; Corsi et al. 2022). Interest-
ingly, negative supercoiling of DNA stimulates hydrolysis of
DNA targets with mismatches that are resistant to hydrolysis
in the relaxed form (Ivanov et al. 2020). The observed effects
can be explained by the importance for cleavage of the
kinked conformation of the DNA:RNA heteroduplex char-
acteristic of the full R-loop (Jiang et al. 2016). Thus, if the
DNA:RNA heteroduplex can form a kinked conformation
in the presence of mismatches, cleavage occurs. Otherwise,
critical mismatches can lead to the formation of a linear
DNA:RNA heteroduplex that is resistant to hydrolysis (J. P.
K. Bravo et al. 2022a, b), which corresponds to the structural
checkpoint of the Cas9 complex. The structural checkpoint
is controlled by the REC-III domain, which senses the PAM-
distal structure of the DNA:RNA hybrid (Zhu et al. 2019).
If the DNA:RNA hybrid is completely annealed, the three

loops in REC-III (residues 530-537, 574-588, and 686—689)
become ordered and nonspecifically contact the DNA:RNA
hybrid. This initiates a third large set of coordinated Cas9
rearrangements. The REC-II domain moves toward the sol-
vent and becomes disordered. This allows the HNH domain
to make an abrupt~ 34-A turn to take up a position against
the hydrolysable phospho-diester bond of the target DNA
strand. The solvent-opened loop of the RuvC domain car-
rying a region of positively charged residues (Lys948,
Arg951, and Lys954) makes nonspecific contacts with the
non-target DNA strand (Zhu et al. 2019). These concerted
changes result in the positioning of the nickase domains near
the PAM and the hydrolysis of the phosphodiester bonds
between the third and fourth bases upstream of the PAM.
RuvC cleaves the non-target DNA strand with two Mg**ions
(Casalino et al. 2020), while HNH cleaves the target strand
with one Mg2+ ion (Nierzwicki et al. 2022). Both reactions
are initiated by histidines in the catalytic centers and proceed
by the SN2-like mechanism. The total time required for the
Cas9/sgRNA complex to hydrolyze DNA after its binding
ranges from 1 to 10 min (Bisaria et al. 2017).

Next-generation high-fidelity Cas9 variants
with increased activity

The evolutionary advantage of Cas9’s ability to fight bac-
teriophages, despite the presence of single mutations in the
target sequences, becomes a disadvantage for genome edit-
ing technology. The main feature of the first-generation of
genomic editors derived from wild-type Cas9 (Figs.2 and 3,
Table 1) is increased specificity. Specificity can be increased
in several ways. For example, the first highly specific variant
of eSpCas9(1.1) was engineered by reducing the nonspe-
cific binding of the HNH, RuvC-III, and PID domains to
the non-target DNA strand to facilitate reverse DNA strand
annealing in case of mismatches between the spacer and the
target strand (Slaymaker et al. 2016). The next variant of
Cas9-HF1 was obtained by disrupting nonspecific contacts
with the target DNA strand by mutating residues in the REC-
IIT and RuvC-III domains (Kleinstiver et al. 2016). However,
one of the costs of increased specificity is reduced on-target
activity. It turned out that K848 is a key residue for sumoyla-
tion of Cas9, which protects the protein from polyubiquit-
ination and subsequent proteasome-dependent degradation
(Ergiinay et al. 2022). Thus, the K848 mutation in eSpCas9
(1.1) negatively affects Cas9 activity through enhanced
Cas9 degradation. So, decreased Cas9 levels may be one
of the reasons for decreased off-target as well as on-target
activity. It is also likely that combinations of mutations in
first-generation genomic editors can disrupt the structure of
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Fig.2 Generations of Cas9-based genome editors. First-generation
editors derived directly from WT SpCas9 are shown in the inner cir-
cle; next-generation editors obtained by combining successful muta-

Cas9 domains and thereby make Cas9 mutants susceptible
to proteasome-dependent degradation.

Another big price for increased specificity is the slowed
kinetics of DNA hydrolysis (M. S. Liu et al. 2020a, b;
Jones et al. 2021). Unexpectedly, despite the decrease
in nonspecific DNA contacts, the high-fidelity variants
showed DNA binding affinity at the level of wild-type
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Cas9 (Jones et al. 2021). Thus, the decrease in the rate
of DNA cleavage is probably due to a change in post-
binding events. Conformational dynamics studies suggest
a strengthening of the structural checkpoint that signifi-
cantly slows the transition to the catalytically active state
in high-fidelity Cas9 variants (Yang et al. 2018).



Applied Microbiology and Biotechnology (2024) 108:209

Page50f19 209

P «— L1206

H <« E1341
~
L < A1345 44 @ e
V «— E1219 ‘A

A
Q< Re61

E «<— D1135
A <«— K848

1852 L847

v

F
A <«

| «— S409
N «— K890

Fig.3 3D structure of Cas9 protein bound to nucleic acids. The struc-
ture is PDB ID 4UN3 (Anders et al. 2014). Color coding: sgRNA
shown in orange, target DNA strand shown in brown, non-target
DNA strand shown in light green, RuvC domain shown in light blue,
BH shown in gray, REC lobe shown in lilac, linkers (L1 and L2)
shown in yellow, NHN domain shown in pale green, PID shown in
pink, bound magnesium ions shown in dark green. Amino acid resi-
dues the substitution of which is associated with a change in activ-

We next discuss examples of two papers in which hypoth-
esis-driven first-generation genomic editors with increased
specificity while retaining targeting activity were developed.
In the first paper, the authors formulated the “HH theory”,
according to which the sgRNA:DNA hybrid is extruded,
which leads to enhanced hydrophobic interactions between
the hybrid and REC-III/HNH, ultimately triggering cleavage
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ity or specificity are shown in a brighter color and their side chains
are represented as “balls and sticks”. All of them (including those
missing on the 4UN3 structure) are signed indicating which amino
acids they were replaced with to create improved SpCas9-based edi-
tors, with the colors of the signatures corresponding to the domains
to which these residues belong. The initial picture was created using
icn3d (Wang et al. 2022). The final version was created with BioRen-
der.com

initiation. Thus, many mutations in known high-fidelity edi-
tors (e.g., SpCas9-HF1, eSpCas9 (1.1), HypaCas9) lead to
a reduction in nonspecific contacts between the hybrid and
the protein, allowing only perfect interactions to trigger
cleavage (G. Wang et al. 2021). Using HH theory as a theo-
retical framework, they selected several amino acid residues
that form strong hydrophobic interactions with the duplex.
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Table 1 Cas9-derived genomic editors with improved specificity and activity

Cas9 variant

Mutations

Reference

First generation of Cas9 editors

eSpCas (1.0)
eSpCas (1.1)
SpCas9 (K855A)
Cas-HF1
Hypa-Cas9
evoCas9

iCas9

xCas9 (3.6)

xCas9 (3.7)
Sniper-Cas9
HyperCas9
SpyCas9 (2Pro)
Cas9_R63A/Q768A
SuperFi-Cas9
Turbo Cas9
HiFi-Cas9
SpartaCas

LZ3 Cas9
hscCas9-v1.1 (HSC1.1)
hscCas9-v1.2 (HSC1.2)
Cas9_S512R
Cas9_N692V

V3

Vo6

\%i

V8

“No. 1”7

Next-generation Cas9 editors

Cas-HF2

Cas-HF3

Cas-HF4

HeFSpCas9

FeCas9

Opti-SpCas9
OptiHF-SpCas9
rCasOHF

eiSpCas (L1206P)
SniperCas (L1206P)
iSniperCas
SniperCas DE EH
SniperCas DE AL
SniperCas DE LP AL
iSniperCas DE EH/AL
Sniper2LL

Sniper2P

vCas9

K810A, K1003A, R1060A

K848A, K1003A, R1060A

K855A

N497A, R661A, Q695A, Q926A

N692A, M694A, Q695A, H698A

M495V, Y515N, K526E, R661Q

D147Y, PA11T

E108G, S217A, S4091, E480K, E543D, M6941, E1219V
A262T, R324L, S4091, E480K, E543D, M6941, E1219V
F539S, M7631, K89ON

1473F

L64P, K65P

R63A, Q768A

Y1010D, Y1013D, Y1016D, V1018D, R1019D, Q1027D, K1031D
V842L, Q844R, F846Y, L847M, 1852F

R691A

D23A, T67L, Y128V, D1251G

N690C, T7691, G915M, N98OK

N588A, R765A, D835A, K1246A

N14A, R447A, R765A, S845D

S512R

N692V

N497A, K510A, R661A

K510A

N497A, K510A

K510A, R661A

ATT769, AG906

N497A, R661A, Q695A, Q926A, D1135E

L169A, N497A, R661A, Q695A, Q926A,

Y450A, N497A, R661A, Q695A, Q926A,

N497A, R661A, Q695A, K848A, Q926A, K1003A, R1060A
K848A, K1003A, R1060A, D1135E

R661A, K1003H

QO695A, K848A, E923M, T924V, Q926A

K526D

D147Y, P411T, K848A, K1003A, R1060A, L1206P

F539S, M7631, K890N, L1206P

D147Y, P411T, F539S, M7631, K890ON

F539S, M7631, K890N, D1135E, E1341H

F539S, M7631, K890N, D1135E, A1345L

F539S, M7631, K890N, D1135E, L1206P, A1345L

D147Y, P411T, F539S, M7631, K890N, D1135E, E1341H, A1345L
F539S, M7631, K890N, E1007L

F539S, M7631, K890N, E1007P

S55R, R976A, K1003A, T1314R

(Slaymaker et al. 2016)

(Kleinstiver et al. 2016)
(J. S. Chen et al. 2017a, b)
(Casini et al. 2018)
(Bao et al. 2015)
(Hu et al. 2018)

(Lee et al. 2018)
(Heler et al. 2017)
(Babu et al. 2019)
(Bratovic et al. 2020)

(J. P. K. Bravo et al. 2022a, b)

(Vos et al. 2022)
(Vakulskas et al. 2018)
(Cerchione et al. 2020)

(Schmid-Burgk et al. 2020)

(Zuo et al. 2022)

(Rabinowitz et al. 2023)

(Wang et al. 2024)
(Wang et al. 2024)
(Wang et al. 2024)
(Wang et al. 2024)
(Wang et al. 2024)

(Kleinstiver et al. 2016)

(Kulcsar et al. 2017)
(Yin et al. 2019)
(Choi et al. 2019)

(Pedrazzoli et al. 2023)
(Spasskaya et al. 2023)

(Spasskaya et al. 2023)
(Davletshin et al. 2024)
(Davletshin et al. 2024)
(Davletshin et al. 2024)
(Davletshin et al. 2024)
(Kim et al. 2023)

(Chauhan et al. 2023)
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Replacement of Lys510, Asn497, and Arg661 with alanine
in various combinations yielded novel V3, V6, V7, and V8
editors with increased specificity and virtually no loss of
activity compared to WT (Wang et al. 2024).

In the second paper, a “No. 1”7 variant carrying dele-
tions in the L1 and L2 linkers (AThr769 and AGly906,
respectively) was obtained. The rationale for this was the
“energy-distance hypothesis”, according to which the energy
of sgRNA:DNA hybrid formation is spent on moving the
HNH domain, and the more critical the mismatches are,
the smaller this energy is. Therefore, lengthening the dis-
tance from the HNH to the hybrid by shortening the linkers
should have allowed only the perfectly matched target to be
cut. Indeed, the resulting form had fidelity comparable to
HypaCas9 and eSpCas9 (1.1) and was superior to HypaCas9
in terms of on-target activity, while many other forms with
linker deletions near the NHN (L1 and L2) and REC-III
domains were partially or completely inactivated, suggest-
ing the need for caution when constructing genomic editors
using this approach (Wang et al. 2023).

Next-generation Cas9 editors with increased on-target
activity have been rationally constructed by re-examining
the original mutations based on novel Cas9:sgRNA:DNA
structures and results from molecular modeling experiments
or using protein evolution with particular attention to activ-
ity. For example, Sniper2LL/2P variants were derived from
Sniper-Cas9 (Sniperl) using protein evolution with satura-
tion mutagenesis of identified new sites (Kim et al. 2023).
Another example is rCas9HF derived from evoCas9 (Pedraz-
zoli et al. 2023). evoCas9 is the most specific yet weakest
variant of Cas9 (Schmid-Burgk et al. 2020), carrying four
mutations in the REC-III domain (Table 1). The authors
found that combinations of triple or double mutations
also reduced activity. Perhaps the combination of several
mutations in the same domain negatively affects its struc-
ture, increasing proteasome-dependent degradation. Thus,
the authors characterized single mutations and found that
K526E increases specificity and has no significant effect on
activity. A further round of mutagenesis focusing on K526
led to the identification of K526D, which increases specific-
ity while maintaining activity at the level of wild-type Cas9
(Pedrazzoli et al. 2023). At present, the mechanism is not
fully understood, but this variant can be considered a good
platform for further Cas9 engineering.

Another way for improving first-generation Cas9 editors
was implemented in our recent work by adding a novel
L1206P mutation in PID (Spasskaya et al. 2023). The
mutation position has not been previously identified in
any work, including the comprehensive Cas9 mutagen-
esis screening (Spencer and Zhang 2017). Depending on
the Cas9 variant, this mutation can increase activity while

maintaining high specificity. At first glance, it is not clear
how mutations in PID can affect Cas9 activity. However,
target recognition is initiated by PAM binding, and there-
fore mutations affecting this key step can change Cas9
activity in general. Moreover, our molecular modeling
studies have also indicated that there may be long-range
intramolecular interactions, and L1206P also affects the
structure of the RuvC active center. This interaction is
possible through the RuvC interface contacting PID. Thus,
the L1206P mutation may have multiple effects on Cas9
activity. Further studies led to the discovery of two more
amino acid residues, E1341 and A1345, spatially close
to L1206, whose mutations, E1341H and A1345L, can
restore the activity of highly specific forms of SpCas9,
such as SniperCas DE and iSniperCas DE. Thus, a cluster
of amino acid residues was found in PID, mutations in
which are able to increase the activity of highly specific
Cas9 variants (Davletshin et al. 2024).

A growing body of evidence suggests that the nucleo-
some presents a barrier to genome editing (Verkuijl and
Rots 2019; Dubois 2022). This barrier appears to be higher
for high-fidelity Cas9 variants (X. Chen et al. 2017a, b;
Spasskaya et al. 2023). Therefore, several ways to over-
come this barrier are being explored, including recruiting
a transcriptional machinery (Liu et al. 2019; Daer et al.
2020), adding DNA- or histone-binding proteins and pep-
tides (Ding et al. 2019), or using inhibitors of chromatin-
modifying complexes (B. Liu et al. 2020a, b; J. P. Zhang
et al. 2021a, b, c). Cas9 engineering may represent a
compact and promising strategy. The first variant to show
increased activity in the context of yeast chromatin was
iCas9 carrying D147Y and P411T mutations in the REC-I
domain (Bao et al. 2015). Our work shows that the addi-
tion of iCas9 mutations generally increases the activity of
high-fidelity variants (Spasskaya et al. 2023). However,
off-target activity is also increased. Another pair of R221K
and N394K mutations in the REC-II and REC-I domains,
respectively, increased the activity of the chimeric iSpy-
MAC (a Cas9-based editor for the AA dinucleotide PAM)
(Chatterjee et al. 2020a, b). The L1206P or A1345L muta-
tions also enhance the activity of wild-type Cas9 and its
high-fidelity derivatives on nucleosomes (Spasskaya et al.
2023; Davletshin et al. 2024). Clearly, Cas9 mutations in
different domains suggest that the nucleosome barrier
can be overcome by different mechanisms. Our current
knowledge suggests that the L1206P mutation may indi-
rectly increase PAM binding in the chromatin context, an
important step to win competition with histones for target
recognition (Hinz et al. 2015; Yarrington et al. 2018). How
mutations in the REC domains contributed to increased
Cas9 activity in the chromatin context is currently unclear.

@ Springer



209 Page8of19

Applied Microbiology and Biotechnology (2024) 108:209

Expanding the range of targets: overcoming
PAM limitations

Despite the short PAM (actually a GG dinucleotide), the
range of possible genomic targets of Cas9 is considerably
limited. Based on the occurrence of the GG dinucleotide,
wild-type Cas9 is able to bind approximately 1/16 of all pos-
sible genomic targets. Cas9 is also capable of recognizing
PAM NAG, NGA (Jiang et al. 2013; Zhang et al. 2014) and
NHGG (Collias et al. 2020) with less efficiency. And yet, a
large number of targets, for example, in AT-rich regions of
regulatory and protein-coding regions of genes remain inac-
cessible. Therefore, a direction in Cas9 engineering related
to the relaxation of PAM-dependence is developing (Collias
and Beisel 2021). This direction can be divided into two
parts: (1) reducing PAM requirements toward making PAM-
free enzymes and (2) creating Cas9 variants that recognize
novel PAM sequences.

The first attempt to relax PAM recognition was the
creation of several variants named after the amino acid
substitutions they carry: SpCas9-VQR and SpCas9-VRQR
both recognize NGA PAM, SpCas9-EQR binds NGAG,
and SpCas9-VRER prefers NGCG sequence (Kleinstiver
et al. 2015, 2016). Subsequently, a series of xCas9 vari-
ants, including xCas9(3.6) and xCas9(3.7) with recogni-
tion of NG and some other PAMs and increased specificity
but decreased activity, emerged from a protein evolution
experiment (Hu et al. 2018). Later, a more active variant of
SpCas9-NG was obtained (Nishimasu et al. 2018), which,
however, was outperformed by a form of SpG with the
same specificity to NGN PAM (Walton et al. 2020). This
served as the basis for the creation of the SpRY mutant,
which used to be the closest to the PAM-free nuclease
concept. It has a weak preference for NRN PAMs, interact-
ing more readily with them than with NYN ones (Walton
et al. 2020). The SpdCasONG-QT and SpdCasOING-LWQT
variants show a PAM recognition profile similar to that of
SpRY (J. Wang et al. 2021).

The most “PAM-free” Cas9 variant to date is SpRYc.
The premise for its creation was the discovery of an
ortholog of SpCas9 from S. canis (ScCas9) that recognizes
NNG PAM, and its ignoring of the base at the second posi-
tion is due to an important structural feature, a positively
charged loop IKHRKRKRTTKL) at positions 367-376,
which is absent in other Cas9 orthologs and presumably
originated by insertion (Chatterjee et al. 2018). Its further
refinement, including increasing the positive charge on this
loop, resulted in the Sc ++ variant (Chatterjee et al. 2020a,
b). Finally, grafting the PID (residues 1111-1368) of SpRY
to the N-terminus (residues 1-1119) of Sc ++ resulted in
the SpRYc protein with a total length of 1377. Like its
predecessors, SpRYc is not entirely PAM-free, but against
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those PAMs on which SpRY exhibits almost zero activ-
ity (e.g., NTA and NTT), SpRYc performs ~ 10-400 times
better, allowing it to be used to edit previously inaccessi-
ble regions of the genome, and it is the positively charged
loop from Sc ++ that reduces the requirement of this editor
for the second position of PAMs. Interestingly, because
Sc++is an incredibly precise enzyme, SpRYc has less
pronounced off-target activity than SpRY, although it is
outperformed by WT SpCas9 (Zhao et al. 2023).

The story of Cas9 nucleases with altered PAM specific-
ity includes multiple SpCas9-NRRH, SpCas9-NRTH, and
SpCas9-NRCH mutants that recognize NRRH, NRTH, and
NRCH PAM, respectively (Miller et al. 2020), QQR1 with
specificity to NAAG (Anders et al. 2016), KG and VRKG
with increased NAG and decreased NGG affinity (Gold-
berg et al. 2021). On the other hand, the D1135E mutation
reduces activity on NAG and NGA PAMs while retaining it
on NGG and NHGG PAMs (Collias et al. 2020). A hybrid
approach was applied once again by Chatterjee et al.: the
authors replaced the S. pyogenes Cas9 PID with a PID from
Streptococcus macacae Cas9, which has a natural affinity to
NAAN PAMs (Chatterjee et al. 2020a, b).

The effect of some mutations on PAM specificity is not
always understood. We will briefly discuss mutations whose
mechanism of action is clear. So, the mechanism of direct
action of substitutions R1333 or R1335, which are neces-
sary for G2 or G3 recognition in NGG PAM, respectively, is
understood. Usually, such mutants lose G specificity at the
corresponding position: R1333G (as in KG and VRK) and
R1335P (as in SpRY) eliminate all specific interactions, and
R1333Q or R1335Q favors A over G, as in QQR1 (Goldberg
et al. 2021; Walton et al. 2020; Anders et al. 2016). On the
other hand, the T1337R substitution results in a slight prefer-
ence for 4G because R1337 can interact with DNA similarly
to R1333 and R1335 (Anders et al. 2016). Other mutations
alter specificity indirectly. For example, E1219V is the only
xCas9(3.7) mutation that alters PAM because E1219 stabi-
lizes R1335 binding to G3 by forming a salt bridge (Guo
et al. 2019). Some mutations are necessary to compensate
for the loss of the specific interaction. For example, D1332K
in KG, VRKG, and probably QQRI1 facilitates nonspecific
interaction with the sugar-phosphate backbone of the target
DNA chain (Goldberg et al. 2021). The D1135V mutation
in the VQR, VRQR, and VRER variants results in the loss
of the local negative charge and thereby increases affinity
for the non-target DNA strand (Anders et al. 2016). Not all
mutations affecting PAM specificity are localized in PID: for
example, in recent work, an additional P411T substitution
was introduced into xCas9 (3.7), which resulted in a change
in the dynamic properties of the REC-I domain and the pro-
tein became more active in recognizing AGT, ACG, GAC,
and NAC PAMs (Liu et al. 2022). Therefore, even chang-
ing distant positions in the Cas9 protein with other targets
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can change its PAM specificity, which, of course, should
be taken into account when designing improved genomic
editors. In conclusion, we emphasize that understanding
the role of individual mutations and their interactions in
the case of PAM recognition is absolutely essential for the
rational design of novel PAM-relaxed or PAM-modified
Cas9 variants.

To summarize, the currently known Cas9 variants are
presented in Table 2, their relatedness is shown in Fig. 4,
and the 3D structure of PID with bound nucleic acids with
marked amino acid residues the substitution of which leads
to a change in PAM specificity is shown in Fig. 5. Taken
together, the currently known Cas9 variants potentially cover
significantly more than the 56% of all genomic targets pre-
viously evaluated (Collias & Beisel 2021). Cas9 modifica-
tions affect mainly PAM-recognizing arginines (R1333 and
R1335), residue E1219, which mutation provides increased
conformational mobility for R1335 (Chen et al. 2019; Guo
et al. 2019), and residues located in close spatial proximity
to and affecting PAM-recognizing arginines and that can
also form contacts with other nucleotides.

The relaxation of PAM recognition gives rise to a number
of drawbacks, overcoming which leads to the creation of a
new generation of editors. The first disadvantage is increased
off-target activity (W. Zhang et al. 2021a, b, c¢). Moreover,
in the absence of PAM, the CRISPR/Cas9 system would not
be able to distinguish between alleles of genes with nearly
identical sequences (Rabinowitz and Offen 2021). Known
solutions include adding new mutations to the REC domains
to increase the fidelity of PAM-relaxed Cas9 variants (Chen
et al. 2019) or mutations from known SpCas9 variants with
high fidelity to produce chimeras such as eCas9-SpRY,
HF1-SpRY, and Hypa-SpRY (W. Zhang et al. 2021a, b, c)
or SpCas9-VQR-HF1 and SpCas9-VRQR-HF1 (Kleinstiver
et al. 2016). A second disadvantage is the increasing risk
of autotargeting of the vector expressing sgRNA, which
reduces the activity of the system. Interestingly, this issue
was not observed in the case of SpRYc, the most “PAM-
free” SpCas9 derivative (Zhao et al. 2023). This can be
overcome by using a modified sgRNA base structure. For
example, in Qin et al. (2020), the authors suggested using
the sgRNA scaffold starting with 5'-GCCCC-3’. Another
solution is to use PAM-relaxed variants, such as SpdNG-
LWQT with dCas9 devoid of nuclease activity, for epige-
netic applications (J. Wang et al. 2021). The third drawback
is a decrease in on-target activity (W. Zhang et al. 2021a, b,
c; Legut et al. 2020), which could also be the result of more
than just auto-targeting. Although Cas9 weakly contacts
PAM (Cofsky et al. 2022), it is possible that conformational
changes in PID during PAM binding may induce nonspecific
post-PAM interactions that enhance Cas9 binding to a poten-
tial target. Reducing or abolishing PAM interactions may
reduce the strength of post-PAM interactions and thereby

reduce Cas9’s ability to unwind DNA. Another data set sug-
gests that interactions with PAM (and possibly its context)
are critical for Cas9 to win competition with histones for
protospacer interactions (Hinz et al. 2015; Handelmann et al.
2023). Therefore, weakening the interaction of Cas9 with
PAM and its context would significantly reduce its ability
to edit DNA in the chromatin context. Moreover, it is con-
ceivable that decreased specificity may also contribute to
decreased Cas9 activity by enhancing Cas9 delocalization
to extra-genomic targets. Known solutions for enhancing
the activity of PAM-engineered Cas9 variants include: (1)
a combination of known mutations, as in XCas9-NG, which
combines mutations from xCas9 (3.7) and Cas9-NG variants
(Legut et al. 2020), (2) structure-directed design of muta-
tions in additional residues that have no direct contacts with
PAM but are nevertheless important for PAM recognition
or non-specific contacts with DNA (Walton et al. 2020),
(3) introduction of Cas9-activating mutations R221K and
N394K in the REC-I domain (Chatterjee et al. 2020a, b).
Thus, the creation of a PAM-independent Cas9 editor
requires the introduction of a combination of additional
mutations that restore its specificity and activity.

Changing the DNA repair outcome:
formation sticky ends instead of blunt ends

An emerging direction of Cas9 engineering is to reduce its
mutagenicity by controlling the structure of double-strand
breaks (DSBs). The structure of DSBs is one of the fac-
tors determining the choice of the operating DNA repair
pathway. Blunt DNA ends, that is, ends of a DNA molecule
that lack any overhanging sequences, are the predominant
substrates for the non-homologous end joining (NHEJ) path-
way, which is a DNA repair mechanism that joins two bro-
ken, usually closely spaced, ends of DNA together, without
using a homologous template for this process. At the same
time, DNA ends with short overhangs of ssDNA are sub-
strates for microhomology-mediated end joining (MMEJ)
pathway, which involves the annealing of short (5-25 base
pairs) homologous sequences, or microhomologies, between
the single-stranded overhangs of two DNA ends, and then,
the non-homologous flaps are removed, and the remain-
ing ssDNA is filled in and ligated. And DNA ends having
long-range resection are preferred for homology-directed
repair (HDR) pathway, which uses the information from
a homologous DNA template to accurately repair double-
strand breaks and thus HDR, unlike NHEJ and MME], does
not lead to insertions and deletions in the repaired sequence
(Xue & Greene 2021; Yao et al. 2017).

The ability to control the structure of Cas9-generated
DSBs is a way to alter DNA repair pathway choice and
thereby control the outcome of genome editing. Wild-type
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Table 2 Cas9 variants with relaxed or altered PAM recognition

Cas9 variant

Mutations

Recognized PAM(s)

Reference

WT SpCas9
SpCas9-VQR
SpCas9-EQR
SpCas9-VRER
SpCas9-VRQR
SpCas9-VQR-HF1
SpCas9-VRQR-HF1
SpCas9(D1135E)
QQRI1

xCas9(3.6)

xCas9(3.7) ~xCas9

SpCas9-NG (VRVRFRR)

xCas9-NG

SpG

SpRY

SpRYc

SpCas9-NRRH

SpCas9-NRTH

SpCas9-NRCH

SpdNG-QT

SpdNG-LWQT

KG
VRKG

D1135V, R1335Q, T1337R
D1135E, R1335Q, T1337R
D1135V, G1218R, R1335E, T1337R
D1135V, G1218R, R1335Q, T1337R

N497A, R661A, Q695A, Q926A,
D1135V, R1335Q, T1337R

N497A, R661A, Q695A, QI26A,
D1135V, GI218R, R1335Q, T1337R

D1135E

GI218R, N1286Q, I1331F, D1332K,
R1333Q, R1335Q, T1337R

E108G, S217A, S4091, E480K, E543D,
M6941, E1219V

A262T, R324L, S4091, E480K, E543D,
M6941, E1219V

R1335V,L1111R, D1135V, G1218R,
E1219F, A1322R, T1337R

A262T, R324L, S4091, E480K, E543D,
M6941, L1111R, D1135V, G1218R,
E1219F, A1322R, R1335V, T1337R

DI1135L, S1136W, G1218K, E1219Q,
R1335Q, TI337R

A61IR, L1111R, D1135L, S1136W,
G1218K, E1219Q, N1317R, A1322R,
R1333P, R1335Q, T1337R

N-terminus (1-1119) from Sc ++ and
PID (1111-1368) from SpRY

D10T, 1322V, S4091, E427G, R654L,
R753G, R1114G, D1135N, V1139A,
D1180G, E1219V, Q1221H, A1320V,
R1333K

D10T, 1322V, S4091, E427G, R654L,
R753G, R1114G, D1135N, D1180G,
G1218S, E1219V, Q1221H, P1249S,
E1253K, P13218S, D1332G, R1335L

D10T, 1322V, S4091, E427G, R654L,
R753G, R1114G, D1135N, E1219V,
D1332N, R1335Q, T1337N, S1338T,
H1349R

D10A, H840A, R1335V, L1111R,
G1218R, E1219F, A1322R, R1333Q,
V1335T, T1337R

D10A, H840A, R1335V, L1111R,
D1135L, S1136W, G1218R, E1219F,
A1322R, R1333Q, V1335T, T1337R

D1332K, R1333G
D1135V, S1136R, D1332K, R1333G

NGG > NGA, NAG, N(A/C/T)GG

NGA
NGAG
NGCG
NGA
NGA

NGA

NGG and N(C/T/A)GG, reduced
recognition of NGA and NAG

NAAG

NG, NNG, GAA, GAT, CAA

NG, NNG, GAA, GAT, CAA

NG

NG

NGN

NRN

NNN

NRRH

NRTH

NRCH

NRN and some NYN. PAM profile
is similar to SpRY, with a stronger
affinity for NRT (including CAT) and
NGG PAMs

NRN and some NYN. PAM profile
is similar to SpRY, with a stronger
affinity for NRT (including CAT) and
NGG PAMs

NAG

NAG

(Jiang et al. 2013; Zhang et al.
2014; Collias et al. 2020)

(Kleinstiver et al. 2015)

(Kleinstiver et al. 2016)

(Collias et al. 2020)

(Anders et al. 2016)

(Hu et al. 2018)

(Hu et al. 2018; Guo et al. 2019)
(Nishimasu et al. 2018)

(Legut et al. 2020)

(Walton et al. 2020)

(Zhao et al. 2023)

(Miller et al. 2020)

(J. Wang et al. 2021)

(Goldberg et al. 2021)
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Table 2 (continued)

Cas9 variant Mutations

Recognized PAM(s)

Reference

eCas9-SpRY AG6IR, K848A, K1003A, R1060A,
L1111R, D1135L, S1136W, G1218K,
E1219Q, N1317R, A1322R, R1333P,

R1335Q, T1337R

AG6IR, N497A, R661A, Q695A,
Q926A, L1111R, D1135L, S1136W,
G1218K, E1219Q, N1317R, A1322R,
R1333P, R1335Q, T1337R

AG6IR, N692A, M694A, Q695A,
H698A, L1111R, D1135L, S1136W,
G1218K, E1219Q, N1317R, A1322R,
R1333P, R1335Q, T1337R

PID from S. macacae Cas9

PID from S. macacae Cas9, R221K,
N394K

PID from S. macacae Cas9, R221K,
N394K, R691A

HF1-SpRY

Hypa-SpRY

SpyMac
iSpyMac

HiFi-iSpyMac

NRN

NAAN
NAAN

(W. Zhang et al. 2021a, b, ¢)

NRN

NRN

(Chatterjee et al. 2020a, b)

NAAN

Cas9 preferentially induces indels even in the presence of
the DNA donor template (Miyaoka et al. 2016). There are
several reasons for this bias of Cas9-induced DSBs. First,
NHEIJ, which is responsible for indels, is the predomi-
nant repair pathway for double-stranded DNA breaks,
and HDR is the least active one (Pannunzio et al. 2018).
Second, Cas9 generates predominantly blunt ends (Jiang
and Doudna 2017), which serve as a substrate for the
NHEJ pathway (Kaminski et al. 2022). Third, Cas9 is also
capable of generating staggered ends with 1nt 5’-overhang
(Lemos et al. 2018; Miithel et al. 2023; Pfibylovi et al.
2022), which are also substrates for PolA operating within
the NHEJ pathway (Kaminski et al. 2022) and leading
to a single nucleotide insertion into the target sequence.
Molecular dynamics simulations confirmed that the ruvC
domain has the conformational flexibility to generate 1
nt 5'-overhangs (Zuo and Liu 2016). Moreover, depend-
ing on the target sequence, Cas9 can induce DSBs with
longer 5'-overhangs (Shi et al. 2019; Shou et al. 2018;
Chauhan et al. 2023), indicating significantly greater
flexibility of the ruvC domain. Recently, a vCas9 vari-
ant carrying a combination of mutations (SS5R-R976A-
K1003A-T1314R) that promotes the generation of long
sticky ends was generated (Chauhan et al. 2023). Long
sticky ends suppress NHEJ and direct DSBs repair pre-
dominantly through the MMEJ or HDR pathway. The
authors suggested that a possible mechanism is to change
the position of the non-target DNA strand relative to the
ruvC active center. The GFP-to-BFP reporter system
showed that although the percentage of cells edited by
vCas9 and recovered by HDR doubled, the proportion of
cells with inactivated GFP remained the largest (Chau-
han et al. 2023). These results suggest that the NHEJ and

MME]J pathways still have a significant influence on the
outcome of gene editing. Nevertheless, the vCas9 variant
represents a good platform for further engineering Cas9
toward a less mutagenic genome editor.

Changing the DNA repair outcome:
complete inactivation of the HNH domain

A recent study showed that the H840A mutation does not
completely inactivate the HNH domain (Lee et al. 2023)
as it should be based on previous works (Jinek et al. 2012;
Anzalone et al. 2019). As a result, Prime Editor with
mutated HNH (H840A) can still induce unwanted DSBs,
resulting in gene-disruptive indels with an average fre-
quency of 2.5 +0.6%. Introduction of N863A in addition
to the H840A mutation significantly reduces the ability of
double-mutant NHN to induce DSBs to 0.34 +0.06%. To
further reduce the activity of the HNH domain, the authors
examined combinations of other residues in the active center
based on the Cas9 structure in the cleavage state (PDB ID
600Y) (Zhu et al. 2019). They identified three combina-
tions of H840A + N854A, H840A + N863A + N854A, and
840A + N863A + D839A + N854A mutations that reduce
DSBs-producing activity to 0.02+0.01% (Lee et al. 2023).
The results of this work also warn that the dCas9 mutant,
which is widely used in artificial transcription factors and
other epigenetic editors (Brocken et al. 2018), may still have
some nuclease activity that negatively affects the activity of
these editors. There is no doubt that successfully engineered
Cas9 variants should replace the currently used nCas9 and
dCas9 mutants.
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SpCas9-VQR

SpCas9-EQR

&

SpCas9-VRER

©

SpCas9(D1135E)

SpCas9-QQR1

WT SpCas9

xCas9(3.6)

/ xCas9(3.7) c
c / SpCas9-NG
xCas9-NG

SpdNG-LWQT

‘ ‘\A

S. canis Cas9 Sc++

SpRYc

Fig.4 Development of Cas9 variants with relaxed or altered PAM
recognition. Mutational relationships are marked with arrows. S.
macacae Cas9 and Sc++became domain donors for creation of

Reducing the immunogenicity of Cas9
by eliminating immunogenic epitopes

Cas9 as a foreign protein is capable of inducing a humoral
and cytotoxic T-cell immune response in humans, dogs, and
other animals, which leads to a decrease in its therapeutic
effectiveness (Ferdosi et al. 2019; Charlesworth et al. 2019;
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SpCas9-VRQR

SpCas9-VQR-HF1

R

&

_

S. macacae Cas9

l ‘
Cas9-HF1 SpCas9-VRQR-HF1

“

SpyMac

SpCas9-NRRH

SpCas9-NRTH

“‘

iSpyMac

SpCas9-NRCH

HiFi-iSpyMac

eCas9-SpRY eCas9

‘ c

Cas9-HF1

‘ c
Hypa-SpRY Hypa-Cas9

chimeric proteins SpyMac and SpRYc, respectively, as indicated by
bold red arrows. The colored thin arrows show the transformations of
already modified SpCas9 variants. Created with BioRender.com

Hakim et al. 2021). According to some authors, immuno-
suppression can help in vivo (Gillmore et al. 2021), while
in other works immunosuppression as well as the use of
tissue-specific promoters are ineffective (Hakim et al.
2021). Therefore, one of the important directions of Cas9
engineering is the creation of its less immunogenic forms.
Immunodominant (o, 240-248 aa; f, 615-623 aa) and
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Fig.5 3D structure of Cas9 protein PAM-interacting domain bound
to nucleic acids. The structure is PDB ID 4UN3 (Anders et al. 2014).
Color coding: sgRNA shown in orange, target DNA strand shown
in brown, non-target DNA strand shown in light green, PID domain
shown in red, other domains and bound magnesium ions absent.
Amino acid residues the substitution of which is associated with
a change in PAM specificity are shown in mint, R1333 is shown in
magenta, R1335 is shown in purple, their side chains are represented

subimmunodominant epitopes (y, 988-997 aa; 9, 236-244
aa) were localized primarily in the REC lobe (Ferdosi et al.
2019) (Fig. 6). Mutations of MHC-binding anchor residues
in the a-epitope (L241G, L248G, L241G+L248G) and in
the p-epitope (L616G, L623G, L616G +L623G) reduced
protein immunogenicity by more than an order of magni-
tude. Moreover, at least SpCas9-a2 and SpCas9-f2 have
activity comparable to the wild-type protein. Mutations in
the REC domains are frequently found in high-fidelity Cas9
variants (Table 1), and the authors checked the off-target
rates of SpCas9-p2 variant. To do so, they used it in the form
of epigenetic activator and subsequent RNA-seq showed no
significant off-targets. Therefore, specificity of immunomod-
ified Cas9 variants as DNA nucleases currently is unknown.

P1321 — S
E1253

¥
¢

F < 11331

A1322 & R
A1320 — V

Q1221 — H

i H1349 — R
G N (Tinthis structure) ] PAM

as “balls and sticks”. Similarly, the constituent nucleotides of PAM
are differentially colored: N (~T) is shown in yellow; G is shown in
green; next G is shown in blue; their bases are represented as “balls
and sticks”. All of them (including one missing on the 4UN3 struc-
ture) are signed indicating which amino acids they were replaced with
to create SpCas9-based editors with altered PAM specificity. The ini-
tial picture was created using icn3d (Wang et al. 2022). The final ver-
sion was created with BioRender.com

Conclusions and future perspectives

The first generation of Cas9 editors revealed the costs of
high specificity, which began to be overcome in the next-
generation editors. Existing variants show that it is possi-
ble to create Cas9 editors with increased specificity while
maintaining high on-target activity, increased target range,
low mutagenicity, and low immunogenicity. These variants
can be used as platforms for further improvement and to
explore the possibility of combining mutations to create
Cas9 editors with an expanded spectrum of therapeutic
applications.
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Fig.6 Less immunogenic Cas9 variants. a. Positions of immuno-
genic peptides in the Cas9 structure. The structure is PDB ID 4UN3
(Anders et al. 2014). Epitopes a, f, y, and 8 are shown in red, blue,
purple, and green, respectively; the intersection between a and d is
shown in yellow; colors are chosen according to the esthetic prefer-

Author contribution The manuscript was written by DSK, MAK, and
AID. All the authors read and approved the manuscript.

Funding The study was financially supported by the Russian Science
Foundation (grant no. 22-14-00377).

@ Springer

/ WT SpCas9

/ SpCas9-2 \
/ SpCas9-B29

SpCas9-B9

ences of the authors. The initial picture was created using icn3d
(Wang et al. 2022). The final version was created with BioRender.
com. b. Development of Cas9 variants with inactivated epitopes. Cre-
ated with BioRender.com

Data Availability All data supporting the findings of this study are
available within the paper.

Declarations

Ethical approval This article does not contain any studies with animals
performed by any of the authors.



Applied Microbiology and Biotechnology (2024) 108:209

Page 150f 19 209

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Anders C, Niewoehner O, Duerst A, Jinek M (2014) Structural basis
of PAM-dependent target DNA recognition by the Cas9 endo-
nuclease. Nature 513(7519):569-573. https://doi.org/10.1038/
nature13579

Anders C, Bargsten K, Jinek M (2016) Structural plasticity of PAM
recognition by engineered variants of the RNA-guided endonu-
clease Cas9. Mol Cell 61(6):895-902. https://doi.org/10.1016/j.
molcel.2016.02.020

Anzalone AV, Randolph PB, Davis JR, Sousa AA, Koblan LW, Levy
JM, Chen PJ, Wilson C, Newby GA, Raguram A, Liu DR (2019)
Search-and-replace genome editing without double-strand breaks
or donor DNA. Nature 576(7785):149—-157. https://doi.org/10.
1038/s41586-019-1711-4

Babu K, Amrani N, Jiang W, Yogesha SD, Nguyen R, Qin PZ, Rajan R
(2019) Bridge helix of Cas9 modulates target DNA cleavage and
mismatch tolerance. Biochemistry 58(14):1905-1917. https://
doi.org/10.1021/acs.biochem.8b0124 1

Bao Z, Xiao H, Liang J, Zhang L, Xiong X, Sun N, Si T, Zhao H (2015)
Homology-integrated CRISPR-Cas (HI-CRISPR) system for
one-step multigene disruption in Saccharomyces cerevisiae. ACS
Synth Biol 4(5):585-594. https://doi.org/10.1021/sb500255k

Bisaria N, Jarmoskaite I, Herschlag D (2017) Lessons from enzyme
kinetics reveal specificity principles for RNA-guided nucleases in
RNA interference and CRISPR-based genome editing. Cell Syst
4(1):21-29. https://doi.org/10.1016/j.cels.2016.12.010

Bratovi¢ M, Fonfara I, Chylinski K, Galvez EJC, Sullivan TJ, Boerno
S, Timmermann B, Boettcher M, Charpentier E (2020) Bridge
helix arginines play a critical role in Cas9 sensitivity to mis-
matches. Nat Chem Biol 16(5):587-595. https://doi.org/10.1038/
s41589-020-0490-4

Bravo JP, Hibshman GN, Taylor DW (2022a) Constructing next-gen-
eration CRISPR-Cas tools from structural blueprints. Curr Opin
Biotechnol 78:102839. https://doi.org/10.1016/j.copbio.2022.
102839

Bravo JPK, Liu MS, Hibshman GN, Dangerfield TL, Jung K, McCool
RS, Johnson KA, Taylor DW (2022b) Structural basis for mis-
match surveillance by CRISPR-Cas9. Nature 603(7900):343—
347. https://doi.org/10.1038/s41586-022-04470-1

Brocken DJW, Tark-Dame M, Dame RT (2018) dCas9: a versatile tool
for epigenome editing. Curr Issues Mol Biol 26:15-32. https://
doi.org/10.21775/cimb.026.015

Casalino L, Nierzwicki L, Jinek M, Palermo G (2020) Catalytic mecha-
nism of non-target DNA cleavage in CRISPR-Cas9 revealed by
ab initio molecular dynamics. ACS Catal 10(22):13596—-13605.
https://doi.org/10.1021/acscatal.0c03566

Casini A, Olivieri M, Petris G, Montagna C, Reginato G, Maule G,
Lorenzin F, Prandi D, Romanel A, Demichelis F, Inga A, Cer-
eseto A (2018) A highly specific SpCas9 variant is identified by
in vivo screening in yeast. Nat Biotechnol 36(3):265-271. https:/
doi.org/10.1038/nbt.4066

Cerchione D, Loveluck K, Tillotson EL, Harbinski F, DaSilva J, Kel-
ley CP, Keston-Smith E, Fernandez CA, Myer VE, Jayaram
H, Steinberg BE (2020) SMOOT libraries and phage-induced
directed evolution of Cas9 to engineer reduced off-target activ-
ity. PLoS One 15(4):e0231716. https://doi.org/10.1371/journal.
pone.0231716

Cer¢i B, Uzay 1A, Kara MK, Dinger P (2023) Clinical trials and prom-
ising preclinical applications of CRISPR/Cas gene editing. Life
Sci 312:121204. https://doi.org/10.1016/j.1£s.2022.121204

Charlesworth CT, Deshpande PS, Dever DP, Camarena J, Lemgart VT,
Cromer MK, Vakulskas CA, Collingwood MA, Zhang L, Bode
NM, Behlke MA, Dejene B, Cieniewicz B, Romano R, Lesch BJ,
Gomez-Ospina N, Mantri S, Pavel-Dinu M, Weinberg KI, Por-
teus MH (2019) Identification of preexisting adaptive immunity
to Cas9 proteins in humans. Nat Med 25(2):249-254. https://doi.
org/10.1038/s41591-018-0326-x

Chatterjee P, Jakimo N, Jacobson JM (2018) Minimal PAM specificity
of a highly similar SpCas9 ortholog. Sci Adv 4(10):eaau0766.
https://doi.org/10.1126/sciadv.aau0766

Chatterjee P, Jakimo N, Lee J, Amrani N, Rodriguez T, Koseki SRT,
Tysinger E, Qing R, Hao S, Sontheimer EJ, Jacobson J (2020a)
An engineered ScCas9 with broad PAM range and high specific-
ity and activity. Nat Biotechnol 38(10):1154—1158. https://doi.
org/10.1038/s41587-020-0517-0

Chatterjee P, Lee J, Nip L, Koseki SRT, Tysinger E, Sontheimer EJ,
Jacobson JM, Jakimo N (2020b) A Cas9 with PAM recognition
for adenine dinucleotides. Nat Commun 11(1):2474. https://doi.
org/10.1038/s41467-020-16117-8

Chauhan VP, Sharp PA, Langer R (2023) Altered DNA repair pathway
engagement by engineered CRISPR-Cas9 nucleases. Proc Natl
Acad Sci U S A 120(11):e2300605120. https://doi.org/10.1073/
pnas.2300605120

Chen JS, Dagdas YS, Kleinstiver BP, Welch MM, Sousa AA, Har-
rington LB, Sternberg SH, Joung JK, Yildiz A, Doudna JA
(2017a) Enhanced proofreading governs CRISPR-Cas9 targeting
accuracy. Nature 550(7676):407-410. https://doi.org/10.1038/
nature24268

Chen X, Liu J, Janssen JM, Gong¢alves MAFV (2017b) The chromatin
structure differentially impacts high-specificity CRISPR-Cas9
nuclease strategies. Mol Ther Nucleic Acids 8:558—-563. https://
doi.org/10.1016/j.omtn.2017.08.005

Chen W, Zhang H, Zhang Y, Wang Y, Gan J, Ji Q (2019) Molecular
basis for the PAM expansion and fidelity enhancement of an
evolved Cas9 nuclease. PLoS Biol 17(10):e3000496. https://doi.
org/10.1371/journal.pbio.3000496

Choi GCG, Zhou P, Yuen CTL, Chan BKC, Xu F, Bao S, Chu HY,
Thean D, Tan K, Wong KH, Zheng Z, Wong ASL (2019) Com-
binatorial mutagenesis en masse optimizes the genome editing
activities of SpCas9. Nat Methods 16(8):722-730. https://doi.
org/10.1038/s41592-019-0473-0

Cofsky JC, Soczek KM, Knott GJ, Nogales E, Doudna JA (2022)
CRISPR-Cas9 bends and twists DNA to read its sequence.
Nat Struct Mol Biol 29(4):395-402. https://doi.org/10.1038/
$41594-022-00756-0

Collias D, Beisel CL (2021) CRISPR technologies and the search for
the PAM-free nuclease. Nat Commun 12(1):555. https://doi.org/
10.1038/541467-020-20633-y

Collias D, Leenay RT, Slotkowski RA, Zuo Z, Collins SP, McGirr
BA, Liu J, Beisel CL (2020) A positive, growth-based PAM
screen identifies noncanonical motifs recognized by the. Sci Adv
6(29):eabb4054. https://doi.org/10.1126/sciadv.abb4054

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nature13579
https://doi.org/10.1038/nature13579
https://doi.org/10.1016/j.molcel.2016.02.020
https://doi.org/10.1016/j.molcel.2016.02.020
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1021/acs.biochem.8b01241
https://doi.org/10.1021/acs.biochem.8b01241
https://doi.org/10.1021/sb500255k
https://doi.org/10.1016/j.cels.2016.12.010
https://doi.org/10.1038/s41589-020-0490-4
https://doi.org/10.1038/s41589-020-0490-4
https://doi.org/10.1016/j.copbio.2022.102839
https://doi.org/10.1016/j.copbio.2022.102839
https://doi.org/10.1038/s41586-022-04470-1
https://doi.org/10.21775/cimb.026.015
https://doi.org/10.21775/cimb.026.015
https://doi.org/10.1021/acscatal.0c03566
https://doi.org/10.1038/nbt.4066
https://doi.org/10.1038/nbt.4066
https://doi.org/10.1371/journal.pone.0231716
https://doi.org/10.1371/journal.pone.0231716
https://doi.org/10.1016/j.lfs.2022.121204
https://doi.org/10.1038/s41591-018-0326-x
https://doi.org/10.1038/s41591-018-0326-x
https://doi.org/10.1126/sciadv.aau0766
https://doi.org/10.1038/s41587-020-0517-0
https://doi.org/10.1038/s41587-020-0517-0
https://doi.org/10.1038/s41467-020-16117-8
https://doi.org/10.1038/s41467-020-16117-8
https://doi.org/10.1073/pnas.2300605120
https://doi.org/10.1073/pnas.2300605120
https://doi.org/10.1038/nature24268
https://doi.org/10.1038/nature24268
https://doi.org/10.1016/j.omtn.2017.08.005
https://doi.org/10.1016/j.omtn.2017.08.005
https://doi.org/10.1371/journal.pbio.3000496
https://doi.org/10.1371/journal.pbio.3000496
https://doi.org/10.1038/s41592-019-0473-0
https://doi.org/10.1038/s41592-019-0473-0
https://doi.org/10.1038/s41594-022-00756-0
https://doi.org/10.1038/s41594-022-00756-0
https://doi.org/10.1038/s41467-020-20633-y
https://doi.org/10.1038/s41467-020-20633-y
https://doi.org/10.1126/sciadv.abb4054

209 Page 16 0f 19

Applied Microbiology and Biotechnology (2024) 108:209

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD, Wu X,
Jiang W, Marraffini LA, Zhang F (2013) Multiplex genome engi-
neering using CRISPR/Cas systems. Science 339(6121):819—
823. https://doi.org/10.1126/science.1231143

Corsi GI, Qu K, Alkan F, Pan X, Luo Y, Gorodkin J (2022) CRISPR/
Cas9 gRNA activity depends on free energy changes and on the
target PAM context. Nat Commun 13(1):3006. https://doi.org/
10.1038/541467-022-30515-0

Daer R, Hamna F, Barrett CM, Haynes KA (2020) Site-directed target-
ing of transcriptional activation-associated proteins to repressed
chromatin restores CRISPR activity. APL Bioeng 4(1):016102.
https://doi.org/10.1063/1.5127302

Davletshin Al, Matveeva AA, Bachurin SS, Karpov DS, Garbuz DG
(2024) Increasing the activity of the high-fidelity SpyCas9 form
in yeast by directed mutagenesis of the PAM-interacting domain.
Int J Mol Sci 25(1):444. https://doi.org/10.3390/ijms25010444

Ding X, Seebeck T, Feng Y, Jiang Y, Davis GD, Chen F (2019) Improv-
ing CRISPR-Cas9 genome editing efficiency by fusion with chro-
matin-modulating peptides. CRISPR J 2:51-63. https://doi.org/
10.1089/crispr.2018.0036

Dong C, Gou Y, Lian J (2022) SgRNA engineering for improved
genome editing and expanded functional assays. Curr Opin
Biotechnol 75:102697. https://doi.org/10.1016/j.copbio.2022.
102697

Dubois M (2022) And ... cut! Identifying chromatin features affect-
ing CRISPR-Cas9 activity in plants. Plant Physiol 190(2):1074—
1076. https://doi.org/10.1093/plphys/kiac348

Ergiinay T, Ayhan 0, Celen AB, Georgiadou P, Pekbilir E, Abaci YT,
Yesildag D, Rettel M, Sobhiafshar U, Ogmen A, Emre NT, Sahin
U (2022) Sumoylation of Cas9 at lysine 848 regulates protein
stability and DNA binding. Life Sci Alliance 5(4). https://doi.
org/10.26508/1sa.202101078

Ferdosi SR, Ewaisha R, Moghadam F, Krishna S, Park JG, Ebra-
himkhani MR, Kiani S, Anderson KS (2019) Multifunctional
CRISPR-Cas9 with engineered immunosilenced human T cell
epitopes. Nat Commun 10(1):1842. https://doi.org/10.1038/
$41467-019-09693-x

Fu Y, Foden JA, Khayter C, Maeder ML, Reyon D, Joung JK, Sander
JD (2013) High-frequency off-target mutagenesis induced
by CRISPR-Cas nucleases in human cells. Nat Biotechnol
31(9):822-826. https://doi.org/10.1038/nbt.2623

Gillmore JD, Gane E, Taubel J, Kao J, Fontana M, Maitland ML,
Seitzer J, O’Connell D, Walsh KR, Wood K, Phillips J, Xu Y,
Amaral A, Boyd AP, Cehelsky JE, McKee MD, Schiermeier A,
Harari O, Murphy A, Kyratsous CA, Zambrowicz B, Soltys R,
Gutstein DE, Leonard J, Sepp-Lorenzino L, Lebwohl D (2021)
CRISPR-Cas9 in vivo gene editing for transthyretin amyloidosis.
N Engl J Med 385(6):493-502. https://doi.org/10.1056/NEJMo
a2107454

Globyte V, Lee SH, Bae T, Kim JS, Joo C (2019) CRISPR/Cas9
searches for a protospacer adjacent motif by lateral diffusion.
EMBO J 38(4). https://doi.org/10.15252/embj.201899466

Goldberg GW, Spencer JM, Giganti DO, Camellato BR, Agmon
N, Ichikawa DM, Boeke JD, Noyes MB (2021) Engineered
dual selection for directed evolution of SpCas9 PAM speci-
ficity. Nat Commun 12(1):349. https://doi.org/10.1038/
$41467-020-20650-x

Guo M, Ren K, Zhu Y, Tang Z, Wang Y, Zhang B, Huang Z (2019)
Structural insights into a high fidelity variant of SpCas9. Cell
Res 29(3):183-192. https://doi.org/10.1038/s41422-018-0131-6

Hakim CH, Kumar SRP, Pérez-Lopez DO, Wasala NB, Zhang D, Yue
Y, Teixeira J, Pan X, Zhang K, Million ED, Nelson CE, Metzger
S, Han J, Louderman JA, Schmidt F, Feng F, Grimm D, Smith
BF, Yao G, Yang NN, Gersbach CA, Chen SJ, Herzog RW, Duan
D (2021) Cas9-specific immune responses compromise local and
systemic AAV CRISPR therapy in multiple dystrophic canine

@ Springer

models. Nat Commun 12(1):6769. https://doi.org/10.1038/
s41467-021-26830-7

Handelmann CR, Tsompana M, Samudrala R, Buck MJ (2023) The
impact of nucleosome structure on CRISPR/Cas9 fidelity.
Nucleic Acids Res 51(5):2333-2344. https://doi.org/10.1093/
nar/gkad021

Heler R, Wright AV, Vucelja M, Bikard D, Doudna JA, Marraffini LA
(2017) Mutations in Cas9 enhance the rate of acquisition of viral
spacer sequences during the CRISPR-Cas immune response. Mol
Cell 65(1):168-175. https://doi.org/10.1016/j.molcel.2016.11.
031

Hinz JM, Laughery MF, Wyrick JJ (2015) Nucleosomes inhibit Cas9
endonuclease activity in vitro. Biochemistry 54(48):7063-7066.
https://doi.org/10.1021/acs.biochem.5b01108

Hu JH, Miller SM, Geurts MH, Tang W, Chen L, Sun N, Zeina CM,
Gao X, Rees HA, Lin Z, Liu DR (2018) Evolved Cas9 variants
with broad PAM compatibility and high DNA specificity. Nature
556(7699):57-63. https://doi.org/10.1038/nature26155

Huang H, Lv W, LiJ, Huang G, Tan Z, Hu Y, Ma S, Zhang X, Huang
L, Lin Y (2023) Comparison of DNA targeting CRISPR editors
in human cells. Cell Biosci 13(1):11. https://doi.org/10.1186/
$13578-023-00958-z

Huang X, Yang D, Zhang J, Xu J, Chen YE (2022) Recent advances
in improving gene-editing specificity through CRISPR-Cas9
nuclease engineering. Cells 11(14). https://doi.org/10.3390/
cells11142186

Ivanov IE, Wright AV, Cofsky JC, Aris KDP, Doudna JA, Bryant
Z (2020) Cas9 interrogates DNA in discrete steps modulated
by mismatches and supercoiling. Proc Natl Acad Sci U S A
117(11):5853-5860. https://doi.org/10.1073/pnas. 1913445117

Jiang F, Doudna JA (2017) CRISPR-Cas9 structures and mechanisms.
Annu Rev Biophys 46:505-529. https://doi.org/10.1146/annur
ev-biophys-062215-010822

Jiang W, Bikard D, Cox D, Zhang F, Marraffini LA (2013) RNA-guided
editing of bacterial genomes using CRISPR-Cas systems. Nat
Biotechnol 31(3):233-239. https://doi.org/10.1038/nbt.2508

Jiang F, Zhou K, Ma L, Gressel S, Doudna JA (2015) Structural biol-
ogy. A Cas9-guide RNA complex preorganized for target DNAS
recognition. Science 348(6242):1477-1481. https://doi.org/10.
1126/science.aab1452

Jiang F, Taylor DW, Chen JS, Kornfeld JE, Zhou K, Thompson
AJ, Nogales E, Doudna JA (2016) Structures of a CRISPR-
Cas9 R-loop complex primed for DNA cleavage. Science
351(6275):867-871. https://doi.org/10.1126/science.aad8282

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E
(2012) A programmable dual-RNA-guided DNA endonuclease
in adaptive bacterial immunity. Science 337(6096):816-821.
https://doi.org/10.1126/science.1225829

Jinek M, East A, Cheng A, Lin S, Ma E, Doudna J (2013) RNA-pro-
grammed genome editing in human cells. Elife 2:¢00471. https://
doi.org/10.7554/eLife.00471

Jinek M, Jiang F, Taylor DW, Sternberg SH, Kaya E, Ma E, Anders C,
Hauer M, Zhou K, Lin S, Kaplan M, Iavarone AT, Charpentier
E, Nogales E, Doudna JA (2014) Structures of Cas9 endonucle-
ases reveal RNA-mediated conformational activation. Science
343(6176):1247997. https://doi.org/10.1126/science.1247997

Jones SK, Hawkins JA, Johnson NV, Jung C, Hu K, Rybarski JR, Chen
JS, Doudna JA, Press WH, Finkelstein 1J (2021) Massively par-
allel kinetic profiling of natural and engineered CRISPR nucle-
ases. Nat Biotechnol 39(1):84-93. https://doi.org/10.1038/
s41587-020-0646-5

Kaminski AM, Chiruvella KK, Ramsden DA, Bebenek K, Kunkel TA,
Pedersen LC (2022) Analysis of diverse double-strand break syn-
apsis with PolA reveals basis for unique substrate specificity in
nonhomologous end-joining. Nat Commun 13(1):3806. https://
doi.org/10.1038/s41467-022-31278-4


https://doi.org/10.1126/science.1231143
https://doi.org/10.1038/s41467-022-30515-0
https://doi.org/10.1038/s41467-022-30515-0
https://doi.org/10.1063/1.5127302
https://doi.org/10.3390/ijms25010444
https://doi.org/10.1089/crispr.2018.0036
https://doi.org/10.1089/crispr.2018.0036
https://doi.org/10.1016/j.copbio.2022.102697
https://doi.org/10.1016/j.copbio.2022.102697
https://doi.org/10.1093/plphys/kiac348
https://doi.org/10.26508/lsa.202101078
https://doi.org/10.26508/lsa.202101078
https://doi.org/10.1038/s41467-019-09693-x
https://doi.org/10.1038/s41467-019-09693-x
https://doi.org/10.1038/nbt.2623
https://doi.org/10.1056/NEJMoa2107454
https://doi.org/10.1056/NEJMoa2107454
https://doi.org/10.15252/embj.201899466
https://doi.org/10.1038/s41467-020-20650-x
https://doi.org/10.1038/s41467-020-20650-x
https://doi.org/10.1038/s41422-018-0131-6
https://doi.org/10.1038/s41467-021-26830-7
https://doi.org/10.1038/s41467-021-26830-7
https://doi.org/10.1093/nar/gkad021
https://doi.org/10.1093/nar/gkad021
https://doi.org/10.1016/j.molcel.2016.11.031
https://doi.org/10.1016/j.molcel.2016.11.031
https://doi.org/10.1021/acs.biochem.5b01108
https://doi.org/10.1038/nature26155
https://doi.org/10.1186/s13578-023-00958-z
https://doi.org/10.1186/s13578-023-00958-z
https://doi.org/10.3390/cells11142186
https://doi.org/10.3390/cells11142186
https://doi.org/10.1073/pnas.1913445117
https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.1038/nbt.2508
https://doi.org/10.1126/science.aab1452
https://doi.org/10.1126/science.aab1452
https://doi.org/10.1126/science.aad8282
https://doi.org/10.1126/science.1225829
https://doi.org/10.7554/eLife.00471
https://doi.org/10.7554/eLife.00471
https://doi.org/10.1126/science.1247997
https://doi.org/10.1038/s41587-020-0646-5
https://doi.org/10.1038/s41587-020-0646-5
https://doi.org/10.1038/s41467-022-31278-4
https://doi.org/10.1038/s41467-022-31278-4

Applied Microbiology and Biotechnology (2024) 108:209

Page 17 of 19 209

Kim Y, Kim N, Okafor I, Choi S, Min S, Lee J, Choi K, Choi J, Harihar
V, Kim Y, Kim J, Lee JK, Ha T, Kim HH (2023) Sniper2L is a
high-fidelity Cas9 variant with high activity. Nat Chem Biol.
https://doi.org/10.1038/s41589-023-01279-5

Kleinstiver BP, Prew MS, Tsai SQ, Topkar VV, Nguyen NT, Zheng Z,
Gonzales AP, Li Z, Peterson RT, Yeh JR, Aryee MJ, Joung JK
(2015) Engineered CRISPR-Cas9 nucleases with altered PAM
specificities. Nature 523(7561):481-485. https://doi.org/10.1038/
nature14592

Kleinstiver BP, Pattanayak V, Prew MS, Tsai SQ, Nguyen NT,
Zheng Z, Joung JK (2016) High-fidelity CRISPR-Cas9 nucle-
ases with no detectable genome-wide off-target effects. Nature
529(7587):490-495. https://doi.org/10.1038/nature 16526

Kulcsar PI, Télas A, Huszar K, Ligeti Z, T6th E, Weinhardt N, Fodor
E, Welker E (2017) Crossing enhanced and high fidelity SpCas9
nucleases to optimize specificity and cleavage. Genome Biol
18(1):190. https://doi.org/10.1186/s13059-017-1318-8

Lee JK, Jeong E, Lee J, Jung M, Shin E, Kim YH, Lee K, Jung I, Kim
D, Kim S, Kim JS (2018) Directed evolution of CRISPR-Cas9 to
increase its specificity. Nat Commun 9(1):3048. https://doi.org/
10.1038/s41467-018-05477-x

Lee J, Lim K, Kim A, Mok YG, Chung E, Cho SI, Lee JM, Kim JS
(2023) Prime editing with genuine Cas9 nickases minimizes
unwanted indels. Nat Commun 14(1):1786. https://doi.org/10.
1038/541467-023-37507-8

Legut M, Daniloski Z, Xue X, McKenzie D, Guo X, Wessels HH,
Sanjana NE (2020) High-throughput screens of PAM-flexible
Cas9 variants for gene knockout and transcriptional modulation.
Cell Rep 30(9):2859-2868.¢2855. https://doi.org/10.1016/j.cel-
rep.2020.02.010

Lemos BR, Kaplan AC, Bae JE, Ferrazzoli AE, Kuo J, Anand RP,
Waterman DP, Haber JE (2018) CRISPR/Cas9 cleavages in bud-
ding yeast reveal templated insertions and strand-specific inser-
tion/deletion profiles. Proc Natl Acad Sci U S A 115(9):E2040—
E2047. https://doi.org/10.1073/pnas.1716855115

Li F, Wing K, Wang JH, Luu CD, Bender JA, Chen J, Wang Q, Lu Q,
Nguyen Tran MT, Young KM, Wong RCB, Pébay A, Cook AL,
Hung SSC, Liu GS, Hewitt AW (2020) Comparison of CRISPR/
Cas endonucleases for in vivo retinal gene editing. Front Cell
Neurosci 14:570917. https://doi.org/10.3389/fncel.2020.570917

Liu G, Yin K, Zhang Q, Gao C, Qiu JL (2019) Modulating chromatin
accessibility by transactivation and targeting proximal dsgR-
NAs enhances Cas9 editing efficiency in vivo. Genome Biol
20(1):145. https://doi.org/10.1186/s13059-019-1762-8

Liu B, Chen S, Rose A, Chen D, Cao F, Zwinderman M, Kiemel D,
Aissi M, Dekker FJ, Haisma HJ (2020a) Inhibition of histone
deacetylase 1 (HDAC1) and HDAC2 enhances CRISPR/Cas9
genome editing. Nucleic Acids Res 48(2):517-532. https://doi.
org/10.1093/nar/gkz1136

Liu MS, Gong S, Yu HH, Jung K, Johnson KA, Taylor DW (2020b)
Engineered CRISPR/Cas9 enzymes improve discrimina-
tion by slowing DNA cleavage to allow release of off-target
DNA. Nat Commun 11(1):3576. https://doi.org/10.1038/
s41467-020-17411-1

Liu H, Zhou Y, Song Y, Zhang Q, Kan Y, Tang X, Xiao Q, Xiang Q,
Liu H, Luo Y, Bao R (2022) Structural and dynamics studies of
the Spcas9 variant provide insights into the regulatory role of the
RECI1 domain. ACS Catal 12(14):8687-8697. https://doi.org/10.
1021/acscatal.2c01804

Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, Norville
JE, Church GM (2013) RNA-guided human genome engineering
via Cas9. Science 339(6121):823-826. https://doi.org/10.1126/
science.1232033

Miller SM, Wang T, Randolph PB, Arbab M, Shen MW, Huang
TP, Matuszek Z, Newby GA, Rees HA, Liu DR (2020) Con-
tinuous evolution of SpCas9 variants compatible with non-G

PAMs. Nat Biotechnol 38(4):471-481. https://doi.org/10.1038/
s41587-020-0412-8

Miyaoka Y, Berman JR, Cooper SB, Mayerl SJ, Chan AH, Zhang B,
Karlin-Neumann GA, Conklin BR (2016) Systematic quanti-
fication of HDR and NHE]J reveals effects of locus, nuclease,
and cell type on genome-editing. Sci Rep 6:23549. https://doi.
org/10.1038/srep23549

Miithel S, Marg A, Ignak B, Kieshauer J, Escobar H, Stadelmann
C, Spuler S (2023) Cas9-induced single cut enables highly
efficient and template-free repair of a muscular dystrophy caus-
ing founder mutation. Mol Ther Nucleic Acids 31:494-511.
https://doi.org/10.1016/j.0mtn.2023.02.005

Nierzwicki L., East KW, Binz JM, Hsu RV, Ahsan M, Arantes PR,
Skeens E, Pacesa M, Jinek M, Lisi GP, Palermo G (2022) Prin-
ciples of target DNA cleavage and the role of Mg2+ in the
catalysis of CRISPR—Cas9. Nat Catal 5(10):912-922. https://
doi.org/10.1038/s41929-022-00848-6

Nishimasu H, Shi X, Ishiguro S, Gao L, Hirano S, Okazaki S, Noda
T, Abudayyeh OO, Gootenberg JS, Mori H, Oura S, Holmes
B, Tanaka M, Seki M, Hirano H, Aburatani H, Ishitani R,
Ikawa M, Yachie N, Zhang F, Nureki O (2018) Engineered
CRISPR-Cas9 nuclease with expanded targeting space. Sci-
ence 361(6408):1259-1262. https://doi.org/10.1126/science.
aas9129

Pacesa M, Loeff L, Querques I, Muckenfuss LM, Sawicka M, Jinek M
(2022) R-loop formation and conformational activation mecha-
nisms of Cas9. Nature 609(7925):191-196. https://doi.org/10.
1038/s41586-022-05114-0

Pannunzio NR, Watanabe G, Lieber MR (2018) Nonhomologous
DNA end-joining for repair of DNA double-strand breaks. J
Biol Chem 293(27):10512-10523. https://doi.org/10.1074/jbc.
TM117.000374

Pedrazzoli E, Bianchi A, Umbach A, Amistadi S, Brusson M, Frati
G, Ciciani M, Badowska KA, Arosio D, Miccio A, Cereseto
A, Casini A (2023) An optimized SpCas9 high-fidelity variant
for direct protein delivery. Mol Ther. https://doi.org/10.1016/j.
ymthe.2023.03.007

Porto EM, Komor AC (2023) In the business of base editors: evolution
from bench to bedside. PLoS Biol 21(4):e3002071. https://doi.
org/10.1371/journal.pbio.3002071

Pfibylova A, Fischer L, Pyott DE, Bassett A, Molnar A (2022) DNA
methylation can alter CRISPR/Cas9 editing frequency and
DNA repair outcome in a target-specific manner. New Phytol
235(6):2285-2299. https://doi.org/10.1111/nph.18212

Qin R, Li J, Liu X, Xu R, Yang J, Wei P (2020) SpCas9-NG self-
targets the sgRNA sequence in plant genome editing. Nat Plants
6(3):197-201. https://doi.org/10.1038/s41477-020-0603-9

Rabinowitz R, Shor O, Zerbib J, Herman S, Zelikson N, Mediwale S,
Yom-Tov N, Ben-David U, Benninger F, Offen D (2023). Com-
putationally engineered CRISPR-SpyCas9 high-fidelity variants
with improved specificity and reduced non-specific DNA dam-
age. bioRxiv. https://doi.org/10.1101/2023.04.11.536265

Rabinowitz R, Offen D (2021) Single-base resolution: increasing the
specificity of the CRISPR-Cas system in gene editing. Mol Ther
29(3):937-948. https://doi.org/10.1016/j.ymthe.2020.11.009

Richardson C, Kelsh RN, J Richardson R (2023) New advances in
CRISPR/Cas-mediated precise gene-editing techniques. Dis
Model Mech 16(2). https://doi.org/10.1242/dmm.049874

Saber Sichani A, Ranjbar M, Baneshi M, Torabi Zadeh F, Fallahi J
(2023) A review on advanced CRISPR-based genome-editing
tools: base editing and prime editing. Mol Biotechnol 65(6):849—
860. https://doi.org/10.1007/s12033-022-00639-1

Schmid-Burgk JL, Gao L, Li D, Gardner Z, Strecker J, Lash B, Zhang
F (2020) Highly parallel profiling of Cas9 variant specificity.
Mol Cell 78(4):794-800. https://doi.org/10.1016/j.molcel.2020.
02.023

@ Springer


https://doi.org/10.1038/s41589-023-01279-5
https://doi.org/10.1038/nature14592
https://doi.org/10.1038/nature14592
https://doi.org/10.1038/nature16526
https://doi.org/10.1186/s13059-017-1318-8
https://doi.org/10.1038/s41467-018-05477-x
https://doi.org/10.1038/s41467-018-05477-x
https://doi.org/10.1038/s41467-023-37507-8
https://doi.org/10.1038/s41467-023-37507-8
https://doi.org/10.1016/j.celrep.2020.02.010
https://doi.org/10.1016/j.celrep.2020.02.010
https://doi.org/10.1073/pnas.1716855115
https://doi.org/10.3389/fncel.2020.570917
https://doi.org/10.1186/s13059-019-1762-8
https://doi.org/10.1093/nar/gkz1136
https://doi.org/10.1093/nar/gkz1136
https://doi.org/10.1038/s41467-020-17411-1
https://doi.org/10.1038/s41467-020-17411-1
https://doi.org/10.1021/acscatal.2c01804
https://doi.org/10.1021/acscatal.2c01804
https://doi.org/10.1126/science.1232033
https://doi.org/10.1126/science.1232033
https://doi.org/10.1038/s41587-020-0412-8
https://doi.org/10.1038/s41587-020-0412-8
https://doi.org/10.1038/srep23549
https://doi.org/10.1038/srep23549
https://doi.org/10.1016/j.omtn.2023.02.005
https://doi.org/10.1038/s41929-022-00848-6
https://doi.org/10.1038/s41929-022-00848-6
https://doi.org/10.1126/science.aas9129
https://doi.org/10.1126/science.aas9129
https://doi.org/10.1038/s41586-022-05114-0
https://doi.org/10.1038/s41586-022-05114-0
https://doi.org/10.1074/jbc.TM117.000374
https://doi.org/10.1074/jbc.TM117.000374
https://doi.org/10.1016/j.ymthe.2023.03.007
https://doi.org/10.1016/j.ymthe.2023.03.007
https://doi.org/10.1371/journal.pbio.3002071
https://doi.org/10.1371/journal.pbio.3002071
https://doi.org/10.1111/nph.18212
https://doi.org/10.1038/s41477-020-0603-9
https://doi.org/10.1101/2023.04.11.536265
https://doi.org/10.1016/j.ymthe.2020.11.009
https://doi.org/10.1242/dmm.049874
https://doi.org/10.1007/s12033-022-00639-1
https://doi.org/10.1016/j.molcel.2020.02.023
https://doi.org/10.1016/j.molcel.2020.02.023

209 Page 180f 19

Applied Microbiology and Biotechnology (2024) 108:209

Shi X, Shou J, Mehryar MM, Li J, Wang L, Zhang M, Huang H, Sun
X, Wu Q (2019) Cas9 has no exonuclease activity resulting
in staggered cleavage with overhangs and predictable di- and
tri-nucleotide CRISPR insertions without template donor. Cell
Discov 5:53. https://doi.org/10.1038/s41421-019-0120-z

Shor O, Rabinowitz R, Offen D, Benninger F (2022) Computational
normal mode analysis accurately replicates the activity and
specificity profiles of CRISPR-Cas9 and high-fidelity variants.
Comput Struct Biotechnol J 20:2013-2019. https://doi.org/10.
1016/j.csbj.2022.04.026

Shou J, LiJ, Liu Y, Wu Q (2018) Precise and predictable CRISPR
chromosomal rearrangements reveal principles of Cas9-
mediated nucleotide insertion. Mol Cell 71(4):498-509.e494.
https://doi.org/10.1016/j.molcel.2018.06.021

Singh D, Sternberg SH, Fei J, Doudna JA, Ha T (2016) Real-time
observation of DNA recognition and rejection by the RNA-
guided endonuclease Cas9. Nat Commun 7:12778. https://doi.
org/10.1038/ncomms 12778

Slaymaker IM, Gao L, Zetsche B, Scott DA, Yan WX, Zhang F
(2016) Rationally engineered Cas9 nucleases with improved
specificity. Science 351(6268):84-88. https://doi.org/10.1126/
science.aad5227

Spasskaya DS, Davletshin Al, Bachurin SS, Tutyaeva VV, Garbuz
DG, Karpov DS (2023) Improving the on-target activity of
high-fidelity Cas9 editors by combining rational design and
random mutagenesis. Appl Microbiol Biotechnol 107(7-
8):2385-2401. https://doi.org/10.1007/s00253-023-12469-5

Spencer JM, Zhang X (2017) Deep mutational scanning of S. pyo-
genes Cas9 reveals important functional domains. Sci Rep
7(1):16836. https://doi.org/10.1038/s41598-017-17081-y

Tao J, Bauer DE, Chiarle R (2023) Assessing and advancing
the safety of CRISPR-Cas tools: from DNA to RNA edit-
ing. Nat Commun 14(1):212. https://doi.org/10.1038/
$41467-023-35886-6

Vakulskas CA, Dever DP, Rettig GR, Turk R, Jacobi AM, Colling-
wood MA, Bode NM, McNeill MS, Yan S, Camarena J, Lee CM,
Park SH, Wiebking V, Bak RO, Gomez-Ospina N, Pavel-Dinu
M, Sun W, Bao G, Porteus MH, Behlke MA (2018) A high-
fidelity Cas9 mutant delivered as a ribonucleoprotein complex
enables efficient gene editing in human hematopoietic stem and
progenitor cells. Nat Med 24(8):1216-1224. https://doi.org/10.
1038/s41591-018-0137-0

Verkuijl SA, Rots MG (2019) The influence of eukaryotic chromatin
state on CRISPR-Cas9 editing efficiencies. Curr Opin Biotechnol
55:68-73. https://doi.org/10.1016/j.copbio.2018.07.005

Vos PD, Rossetti G, Mantegna JL, Siira SJ, Gandadireja AP, Bruce
M, Raven SA, Khersonsky O, Fleishman SJ, Filipovska A,
Rackham O (2022) Computationally designed hyperactive Cas9
enzymes. Nat Commun 13(1):3023. https://doi.org/10.1038/
s41467-022-30598-9

Walton RT, Christie KA, Whittaker MN, Kleinstiver BP (2020)
Unconstrained genome targeting with near-PAMless engineered
CRISPR-Cas9 variants. Science 368(6488):290-296. https://doi.
org/10.1126/science.aba8853

Wang G, LiJ (2021) Review, analysis, and optimization of the CRISPR
Streptococcus pyogenes Cas9 system. Med Drug Discov
9:100080. https://doi.org/10.1016/j.medidd.2021.100080

Wang J, Teng Y, Zhang R, Wu Y, Lou L, Zou Y, Li M, Xie ZR, Yan
Y (2021) Engineering a PAM-flexible SpdCas9 variant as a uni-
versal gene repressor. Nat Commun 12(1):6916. https://doi.org/
10.1038/541467-021-27290-9

Wang J, Youkharibache P, Marchler-Bauer A, Lanczycki C, Zhang
D, Lu S, Madej T, Marchler GH, Cheng T, Chong LC, Zhao
S, Yang K, Lin J, Cheng Z, Dunn R, Malkaram SA, Tai CH,
Enoma D, Busby B, Johnson NL, Tabaro F, Song G, Ge Y (2022)
iCn3D: from web-based 3D viewer to structural analysis tool in

@ Springer

batch mode. Front Mol Biosci 9:831740. https://doi.org/10.3389/
fmolb.2022.831740

Wang G, Wang C, Chu T, Wu X, Anderson CM, Huang D, Li J (2023)
Deleting specific residues from the HNH linkers creates a
CRISPR-SpCas9 variant with high fidelity and efficiency. J Bio-
technol 368:42-52. https://doi.org/10.1016/j.jbiotec.2023.04.008

Wang GH, Wang CM, Wu XJ, Chu T, Huang DW, Li J (2024) The
development of SpCas9 variants with high specificity and effi-
ciency based on the HH theory. Mol Biol 58(1):204-217. https://
doi.org/10.1134/S0026893324010187

Xin C, YinJ, Yuan S, Ou L, Liu M, Zhang W, Hu J (2022) Compre-
hensive assessment of miniature CRISPR-Cas12f nucleases for
gene disruption. Nat Commun 13(1):5623. https://doi.org/10.
1038/541467-022-33346-1

Xue C, Greene EC (2021) DNA repair pathway choices in CRISPR-
Cas9-mediated genome editing. Trends Genet 37(7):639-656.
https://doi.org/10.1016/j.tig.2021.02.008

Yang M, Peng S, Sun R, Lin J, Wang N, Chen C (2018) The conforma-
tional dynamics of Cas9 governing DNA cleavage are revealed
by single-molecule FRET. Cell Rep 22(2):372-382. https://doi.
org/10.1016/j.celrep.2017.12.048

Yao X, Wang X, Hu X, Liu Z, Liu J, Zhou H, Shen X, Wei Y, Huang Z,
Ying W, Wang Y, Nie Y-H, Zhang C-C, Li S, Cheng L, Wang Q,
Wu Y, Huang P, Sun Q, Shi L, Yang H (2017) Homology-medi-
ated end joining-based targeted integration using CRISPR/Cas9.
Cell Res 27(6):801-814. https://doi.org/10.1038/cr.2017.76

Yarrington RM, Verma S, Schwartz S, Trautman JK, Carroll D (2018)
Nucleosomes inhibit target cleavage by CRISPR-Cas9 in vivo.
Proc Natl Acad Sci U S A 115(38):9351-9358. https://doi.org/
10.1073/pnas. 1810062115

Yin J, Liu M, Liu Y, Wu J, Gan T, Zhang W, Li Y, Zhou Y, Hu J
(2019) Optimizing genome editing strategy by primer-extension-
mediated sequencing. Cell Discov 5:18. https://doi.org/10.1038/
s41421-019-0088-8

Zeng Y, Cui Y, Zhang Y, Zhang Y, Liang M, Chen H, Lan J, Song
G, Lou J (2018) The initiation, propagation and dynamics
of CRISPR-SpyCas9 R-loop complex. Nucleic Acids Res
46(1):350-361. https://doi.org/10.1093/nar/gkx1117

Zhang Y, Ge X, Yang F, Zhang L, Zheng J, Tan X, Jin ZB, QuJ, GuF,
Gu F (2014) Comparison of non-canonical PAMs for CRISPR/
Cas9-mediated DNA cleavage in human cells. Sci Rep 4:5405.
https://doi.org/10.1038/srep05405

Zhang Q, Wen F, Zhang S, JinJ, Bi L, Lu Y, Li M, Xi XG, Huang X,
Shen B, Sun B (2019) The post-PAM interaction of RNA-guided
spCas9 with DNA dictates its target binding and dissociation. Sci
Adv 5(11):eaaw9807. https://doi.org/10.1126/sciadv.aaw9807

Zhang JP, Yang ZX, Zhang F, Fu YW, Dai XY, Wen W, Zhang B, Choi
H, Chen W, Brown M, Baylink D, Zhang L, Qiu H, Wang C,
Cheng T, Zhang XB (2021a) HDAC inhibitors improve CRISPR-
mediated HDR editing efficiency in iPSCs. Sci China Life Sci
64(9):1449-1462. https://doi.org/10.1007/s11427-020-1855-4

Zhang Q, Chen Z, Wang F, Zhang S, Chen H, Gu X, Wen F, Jin J,
Zhang X, Huang X, Shen B, Sun B (2021b) Efficient DNA
interrogation of SpCas9 governed by its electrostatic interaction
with DNA beyond the PAM and protospacer. Nucleic Acids Res
49(21):12433-12444. https://doi.org/10.1093/nar/gkab1139

Zhang W, Yin J, Zhang-Ding Z, Xin C, Liu M, Wang Y, Ai C, HuJ
(2021c¢) In-depth assessment of the PAM compatibility and edit-
ing activities of Cas9 variants. Nucleic Acids Res 49(15):8785—
8795. https://doi.org/10.1093/nar/gkab507

Zhao L, Koseki SRT, Silverstein RA, Amrani N, Peng C, Kramme C,
Savic N, Pacesa M, Rodriguez TC, Stan T, Tysinger E, Hong L,
Yudistyra V, Ponnapati MR, Jacobson JM, Church GM, Jakimo
N, Truant R, Jinek M, Kleinstiver BP, Sontheimer EJ, Chatter-
jee P (2023) PAM-flexible genome editing with an engineered


https://doi.org/10.1038/s41421-019-0120-z
https://doi.org/10.1016/j.csbj.2022.04.026
https://doi.org/10.1016/j.csbj.2022.04.026
https://doi.org/10.1016/j.molcel.2018.06.021
https://doi.org/10.1038/ncomms12778
https://doi.org/10.1038/ncomms12778
https://doi.org/10.1126/science.aad5227
https://doi.org/10.1126/science.aad5227
https://doi.org/10.1007/s00253-023-12469-5
https://doi.org/10.1038/s41598-017-17081-y
https://doi.org/10.1038/s41467-023-35886-6
https://doi.org/10.1038/s41467-023-35886-6
https://doi.org/10.1038/s41591-018-0137-0
https://doi.org/10.1038/s41591-018-0137-0
https://doi.org/10.1016/j.copbio.2018.07.005
https://doi.org/10.1038/s41467-022-30598-9
https://doi.org/10.1038/s41467-022-30598-9
https://doi.org/10.1126/science.aba8853
https://doi.org/10.1126/science.aba8853
https://doi.org/10.1016/j.medidd.2021.100080
https://doi.org/10.1038/s41467-021-27290-9
https://doi.org/10.1038/s41467-021-27290-9
https://doi.org/10.3389/fmolb.2022.831740
https://doi.org/10.3389/fmolb.2022.831740
https://doi.org/10.1016/j.jbiotec.2023.04.008
https://doi.org/10.1134/S0026893324010187
https://doi.org/10.1134/S0026893324010187
https://doi.org/10.1038/s41467-022-33346-1
https://doi.org/10.1038/s41467-022-33346-1
https://doi.org/10.1016/j.tig.2021.02.008
https://doi.org/10.1016/j.celrep.2017.12.048
https://doi.org/10.1016/j.celrep.2017.12.048
https://doi.org/10.1038/cr.2017.76
https://doi.org/10.1073/pnas.1810062115
https://doi.org/10.1073/pnas.1810062115
https://doi.org/10.1038/s41421-019-0088-8
https://doi.org/10.1038/s41421-019-0088-8
https://doi.org/10.1093/nar/gkx1117
https://doi.org/10.1038/srep05405
https://doi.org/10.1126/sciadv.aaw9807
https://doi.org/10.1007/s11427-020-1855-4
https://doi.org/10.1093/nar/gkab1139
https://doi.org/10.1093/nar/gkab507

Applied Microbiology and Biotechnology (2024) 108:209

Page 190f 19 209

chimeric Cas9. Nat Commun 14(1):6175. https://doi.org/10.
1038/s41467-023-41829-y

Zhu X, Clarke R, Puppala AK, Chittori S, Merk A, Merrill BJ,
Simonovi¢ M, Subramaniam S (2019) Cryo-EM structures
reveal coordinated domain motions that govern DNA cleavage
by Cas9. Nat Struct Mol Biol 26(8):679—-685. https://doi.org/10.
1038/s41594-019-0258-2

Zhuo C, Zhang J, Lee JH, Jiao J, Cheng D, Liu L, Kim HW, Tao Y, Li
M (2021) Spatiotemporal control of CRISPR/Cas9 gene editing.
Signal Transduct Target Ther 6(1):238. https://doi.org/10.1038/
$41392-021-00645-w

Zuo Z, LiuJ (2016) Cas9-catalyzed DNA cleavage generates staggered
ends: evidence from molecular dynamics simulations. Sci Rep
5:37584. https://doi.org/10.1038/srep37584

Zuo Z, Babu K, Ganguly C, Zolekar A, Newsom S, Rajan R, Wang
YC, Liu J (2022) Rational engineering of CRISPR-Cas9 nucle-
ase to attenuate position-dependent off-target effects. CRISPR J
5(2):329-340. https://doi.org/10.1089/crispr.2021.0076

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1038/s41467-023-41829-y
https://doi.org/10.1038/s41467-023-41829-y
https://doi.org/10.1038/s41594-019-0258-2
https://doi.org/10.1038/s41594-019-0258-2
https://doi.org/10.1038/s41392-021-00645-w
https://doi.org/10.1038/s41392-021-00645-w
https://doi.org/10.1038/srep37584
https://doi.org/10.1089/crispr.2021.0076

	Engineering Cas9: next generation of genomic editors
	Abstract 
	Key points
	Introduction
	Structure of S. pyogenes Cas9 and its molecular mechanism of action
	Next-generation high-fidelity Cas9 variants with increased activity
	Expanding the range of targets: overcoming PAM limitations
	Changing the DNA repair outcome: formation sticky ends instead of blunt ends
	Changing the DNA repair outcome: complete inactivation of the HNH domain
	Reducing the immunogenicity of Cas9 by eliminating immunogenic epitopes
	Conclusions and future perspectives
	References


