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ABSTRACT

Anti-CRISPR (Acr) proteins are encoded by many
mobile genetic elements (MGEs) such as phages
and plasmids to combat CRISPR-Cas adaptive im-
mune systems employed by prokaryotes, which pro-
vide powerful tools for CRISPR—Cas-based applica-
tions. Here, we discovered nine distinct type II-A anti-
CRISPR (AcrllA24-32) families from Streptococcus
MGEs and found that most Acrs can potently in-
hibit type II-A Cas9 orthologs from Streptococcus
(SpyCas9, St1Cas9 or St3Cas9) in bacterial and hu-
man cells. Among these Acrs, AcrllA26, AcrllA27,
AcrllA30 and AcrllA31 are able to block Cas9 binding
to DNA, while AcrllA24 abrogates DNA cleavage by
Cas9. Notably, AcrllA25.1 and AcrllA32.1 can inhibit
both DNA binding and DNA cleavage activities of
SpyCas9, exhibiting unique anti-CRISPR character-
istics. Importantly, we developed several chemically
inducible anti-CRISPR variants based on AcrllA25.1
and AcrllA32.1 by comprising hybrids of Acr protein
and the 4-hydroxytamoxifen-responsive intein, which
enabled post-translational control of CRISPR-Cas9-
mediated genome editing in human cells. Taken to-
gether, our work expands the diversity of type II-A
anti-CRISPR families and the toolbox of Acr proteins
for the chemically inducible control of Cas9-based
applications.

INTRODUCTION

Bacteria and archaea are under constant threat of infec-
tions by mobile genetic elements (MGEs), such as viruses
(phages) and plasmids (1,2). To defend against varied at-
tacks by invasive MGEs, prokaryotes have evolved multiple

immune mechanisms, including restriction—modification
systems, abortive infection and CRISPR (clustered
regularly interspaced short palindromic repeats)—Cas
(CRISPR-associated) systems (3,4). The immune function
of CRISPR-Cas generally involves three stages, adap-
tation, expression and interference, allowing host cells
to remember, recognize and destroy re-invading foreign
genetic elements (5). CRISPR-Cas systems are categorized
into two classes, six types and multiple subtypes, which
are multi-subunit effector class 1 (types I, III and IV)
and single effector class 2 (types II, V and VI) (6). The
class 2 type II DNA-targeting nuclease Cas9 is the first
Cas effector utilized for genome editing, which assembled
with CRISPR RNA (crRNA) and trans-activating crRNA
(tracrRNA) or a single-guide RNA (sgRNA; engineered
by fusing crRNA and tracrRNA) to specifically target
foreign nucleic acids flanked by a protospacer adjacent
motif (PAM) (7,8). The Cas9 from Streptococcus pyogenes
(SpyCas9) is the most commonly used Cas effector and has
been developed as a series of powerful tools for genome
engineering (9,10).

In recent years, the natural inhibitors of CRISPR-Cas
systems, called anti-CRISPR (Acr) proteins, have been de-
veloped into the off-switches for CRISPR-Cas systems
(11,12). Acr proteins are the products of the evolution-
ary arms race between phages and host cells and are en-
coded by diverse MGEs to combat CRISPR—Cas systems
in prokaryotes (13,14). To date, 88 distinct Acr families have
been reported, inhibiting type I, II, III, V and VI CRISPR-
Cas systems (15,16). Notably, 23 AcrlTA families have been
discovered via various methods, such as ‘self-targeting’,
‘guilt-by-association’, ‘phage-first’ and other approaches
(17-27). AcrlIA proteins exhibit diverse inhibitory mech-
anisms against Cas9, which can be subsequently classi-
fied into three strategies, including crRNA loading interfer-
ence, DNA binding prevention and DNA cleavage block-
age (24,28,29). For example, AcrITA2 and AcrlIA4 mimic
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DNA and then block Cas9 binding to DNA, while AcrIIA6
induces Cas9 dimerization to reduce Cas9 binding affinity
for DNA (30,31). Recent studies also showed that AcrlIA14
inhibits DNA cleavage of Cas9 by affecting the activity of
HNH domain, and AcrIIA15 binds directly to Cas9 with
the interference of sgRINA loading (23,32). Although these
diverse inhibitory mechanisms of Acrs have enriched our
knowledge about the roles of Acrs in the phage-host arms
race, a large number of unknown Acr proteins may still ex-
ist, while only a few Acr proteins have been elucidated in
depth on inhibitory mechanism. This hinders not only our
understanding of the evolutionary battle between phages
and hosts in CRISPR-Cas biology, but also the develop-
ment of novel Acr-based applications in genome editing
(11). Considering the off-target effects of Cas9, it is of par-
ticular interest to develop Acr proteins as useful genome
editing tools for modulating Cas9 activity to address issues
of efficacy and safety (12). However, applicable Acr proteins
and strategies as efficient tools to control Cas9 activities in
gene editing are still limited (12).

In this study, we utilized the widespread AcrllA6 as
an initial marker gene to discover nine new anti-CRISPR
genes (AcrllA24-32) along with three aca (Acr-associated)
genes (acall-13). We found that AcrlIA24-32 families are
mainly distributed in Streptococcus and most Acrs exhibit
robust inhibitions on type II-A Cas9 orthologs from
Streptococcus (SpyCas9, St1Cas9 and St3Cas9) in bacterial
and human cells. We also found that AcrlIA24-32 can
exploit versatile abilities to inhibit Cas9 through diverse
mechanisms. Importantly, AcrlIA25.1 and AcrlIA32.1 can
inhibit both DNA binding and DNA cleavage of SpyCas9,
exhibiting unique anti-CRISPR characteristics. These two
proteins were further developed as chemically inducible
anti-CRISPR (iAcr) variants for post-translational control
of CRISPR-Cas9-mediated genome editing in human
cells. Our work expands our understanding of CRISPR-
Cas biology and phage-host interactions and provides
strategies for controllable regulation of Cas9-based
applications.

MATERIALS AND METHODS
Microbes

Escherichia coli (TOP10 or Machl-T1, Biomed) strains
were used for plasmid amplification and interference assays.
Escherichia coli (T7 Express, Biomed) strains were used for
protein expression and phage plaque assays. Escherichia coli
were routinely (unless otherwise indicated) cultured at 37°C
in lysogeny broth (LB) medium with appropriate antibi-
otics (when required): ampicillin (50 pg/ml), kanamycin (50
pg/ml) or chloramphenicol (25 wg/ml).

Cell lines

HEK293T and HEK293T-BFP cells were cultured in
DMEM (Gibco) medium supplemented with 10% (vol/vol)
fetal bovine serum (FBS, Gibco) at 37°C and 5% CO, in
an incubator. U20S cells were cultured in McCoy’s 5A
(modified) medium (Gibco) supplemented with 10% FBS
at 37°C and 5% CO, in an incubator.
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Bioinformatics analysis

BLASTDp program was used to search for AcrIIA6 (acces-
sion: AVO22749.1) homologs in the nonredundant protein
database to manually examine the possible novel acr and
aca genes from neighboring candidate genes. A gene was
designated as an aca according to previous methods (33) by
the following criteria: (i) directly upstream or downstream
of an Acr homolog in the same orientation; (ii) containing a
DNA-binding domain predicted by HHpred of MPI Bioin-
formatics Toolkit (34); and (iii) this gene can associate with
more than two distinct types of Acrs.

BLASTp searches using aca or acr genes were con-
ducted to screen acr gene candidates using the ‘guilt-by-
association” method, which were subject to further valida-
tion through biochemical analysis. A gene was considered
as the Acr candidate by the following criteria: (i) small pro-
tein size (<300 amino acids); (ii) direct upstream or down-
stream of Acr or Aca proteins in the same orientation; and
(ii1) fusion feature of Acr with Aca as a more confident
marker.

For phylogenetic analysis of Acr proteins, homologous
protein sequences of Acrs were obtained by BLASTp
program using the nonredundant protein database. Se-
quences with high homology (E-value <0.001, query
coverage >70%) were determined to generate distance
trees based on BLAST using the fast minimum-evolution
tree method, 0.85 maximum sequence difference and
the Grishin (protein) distance model (24). Further la-
bels were edited using the MEGA X (35) and Illustrator
(Adobe).

Plasmid interference assays in E. coli

Plasmids (pB001-pB008 and pB017-pB050) used in the in-
terference assays were designed based on our previous re-
port (36) and are listed in Supplementary Table S5. DNA se-
quences encoding Acr proteins were synthesized by Biomed
or GenScript and ligated into the pBAD24 vector. The
spacer sequences of Cas9 orthologs for targeting pT are
shown in Supplementary Figure S2A and Supplementary
Table S5. Plasmids were transformed into E. coli using the
CaCl, heat-shock procedure as described previously with
slight modifications (37). Briefly, E. coli TOP10 or Machl-
T1 strains carrying Acr plasmids were cultured overnight in
LB medium with 0.2% arabinose and then used as compe-
tent cells for subsequent transformation with 25 ng of pT
and 25 ng of Cas9 (with matching spacer or mismatching
spacer) plasmids. After recovery for 2 h in LB medium with
0.2% arabinose, cells were plated on LB agar with antibi-
otics (50 wg/ml ampicillin, 50 pg/ml kanamycin and 25
pg/ml chloramphenicol) and inducers (1 mM IPTG and
0.2% arabinose) and incubated at 37°C for 24-32 h. Clones
were photographed using a gel scanner (Tanon 3500) and
counted via ImageJ software. Inhibitory activity of each
Acr was shown in percentage by calculating the ratio of cfu
(colony forming units) between E. coli transformed with
Cas9 plasmid with matching spacer and that of the mis-
matching spacer, which was the average of at least three bi-
ological replicates.
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Phage plaque assays

Plasmids (pB009-pB016 and pB018-pB032) used in phage
plaque assays were designed based on our plasmid interfer-
ence assays in E. coli and are listed in Supplementary Table
S5. Phage plaque assays were performed according to pre-
vious reports with some modifications (38,39). Briefly, E.
coli (T7 Express, Biomed) cells were co-transformed with
a plasmid expressing Cas9—sgRNA combinations targeting
phage T4 and a compatible plasmid encoding Acr proteins.
Both Cas9 plasmid for nontargeting phage T4 and an empty
pBAD?24 plasmid (no Acr) served as controls. The E. coli
containing both Acr and Cas9 plasmids were cultured in
LB medium supplemented with antibiotics (50 pg/ml ampi-
cillin and 25 pg/ml chloramphenicol) and grown overnight
at 37°C. The next morning, overnight cultures were inoc-
ulated in fresh LB medium with antibiotics and grown at
37°C for 2 h. Subsequently, ] mM IPTG was added to in-
duce the expression of Cas9 proteins. Two hours later, 0.2%
arabinose was added to induce the expression of Acr pro-
teins. After another 2 h, 200 wl culture was mixed with 4
ml molten top LB agar (0.7%) supplemented with 10 mM
MgSO,4 and poured over the prewarmed bottom LB agar
(1.5%) plates containing 10 mM MgSOy, 0.2% arabinose,
1 mM IPTG and both antibiotics. Next, 10-fold serial di-
lutions of phage T4 lysate were spotted on the lawn sur-
face. The plates were incubated overnight at 37°C and pho-
tographed using a gel scanner (Tanon 3500).

Protein expression and purification

DNA sequences encoding St1Cas9, St3Cas9 or Acr pro-
teins were incorporated into the pET28a vector for protein
expression in E. coli (T7 Express, Biomed) (pC003-pC017,
Supplementary Table S5). Escherichia coli cells were rou-
tinely induced for protein expression in LB medium with 1
mM IPTG for 16 h at 18°C supplemented with 50 pg/ml
kanamycin. Cells were harvested and resuspended in lysis
buffer (50 mM Tris—HCI, pH 8.0, 10 mM imidazole, 0.5 mM
TCEP-NaOH and 500 mM NaCl) supplemented with 1
mM PMSF and lysozyme. After sonication and centrifuga-
tion, the supernatant of cells was bound to Ni-NTA agarose
(QIAGEN), and bound protein was eluted with 500 mM
imidazole. Amicon Ultra centrifugal filter (Millipore) was
used to concentrate proteins and exchange buffer into stor-
age buffer [20 mM HEPES-NaOH, pH 7.5, 5% (v/v) glyc-
erol, 300 mM NaCl and | mM DTT]. For Acr proteins, the
second round of Ni-NTA purification was conducted to iso-
late untagged Acr proteins after incubation with tobacco
etch virus protease (Sangon Biotech) overnight at 4°C. To
minimize protein degradation, we prepared aliquots of all
purified proteins stored at —80°C, and avoided repeated
freezing and thawing.

In vitro DNA cleavage assays

All sgRNAs in the assays were prepared using in vitro T7
transcription kit (Invitrogen) according to the manufac-
turer’s manual, and the transcription templates were gener-
ated with linearized sgRNA plasmids (pC018-pC023, Sup-
plementary Table S5). SpyCas9 protein was purchased from
Invitrogen.

For Figure 3, and Supplementary Figures S4 and S5,
the plasmid pC002 was constructed and further linearized
through NotlI restriction endonuclease (NEB) (Supplemen-
tary Table S5). For Figure 3 and Supplementary Figure S4,
cleavage reactions were conducted in a total volume of 10
wl with NEBuffer 3.1, along with Cas9 proteins (500 nM),
sgRNA (500 nM), target DNA substrate (30 ng/ul) and ex-
cess Acr proteins (10 wM). In addition, we conducted as-
says with SpyCas9 ribonucleoprotein (RNP) (256 nM) and
Acr titrations (0, 128, 256, 512, 1024, 2048, 4096 and 8192
nM) in Supplementary Figure S5. For Figure 3 and Sup-
plementary Figure S5, Cas9 protein was complexed with
sgRNA for 10 min at 37°C. The Acr proteins were then
added and incubated at room temperature for another 20
min. For Supplementary Figure S4, Cas9 protein was in-
cubated with Acr protein at room temperature for 20 min.
The sgRNA was then added and incubated for 10 min at
37°C. Subsequently, for all assays, target DNA was added
and incubated for 10 min at 37°C. Reactions were stopped
after the addition of 1 wl of Proteinase K. Products were an-
alyzed on 1% agarose/1x TAE (Tris—acetate-EDTA) gels,
which were visualized by the gel scanner (Tanon 3500).

For Figure 6H and I, and Supplementary Figure S8E,
fluorescently labeled substrate DNA was used for cleavage
assays, which was prepared by annealing the synthetic oli-
gos of target and nontarget strands labeled with Cy5 or
Cy3 (Supplementary Table S3). The process of cleavage as-
says is shown in Figure 6G. Briefly, Cas9 proteins (500 nM)
and sgRNA (500 nM) were mixed to form Cas9 RNP com-
plex for 10 min at 37°C in 1 x binding buffer [20 mM Tris—
HCI, pH 7.6, 150 mM KCI, 5 mM EDTA, 5 mM MgCl,,
1 mM DTT, 5% (v/v) glycerol, 50 wg/ml heparin, 0.01%
Tween 20 and 100 wg/ml BSA] to abrogate the cleavage ac-
tivity of Cas9. Then, Acr proteins (10 wM) and substrate
DNA (50 nM) were added in a different order, and incu-
bated for 20 min at room temperature, respectively. Subse-
quently, MgCl, (10 mM) was added to restore the DNA
cleavage activity of Cas9, and then incubated for another
20 min at room temperature. The reactions were stopped
through the addition of Gel Loading Buffer II (Invitrogen)
and incubated at 85°C for 6 min. Products were analyzed on
12% denaturing PAGE gel and visualized by Typhoon 7000
(GE).

Construct of intein—Acr plasmids

DNA sequences encoding Acr proteins (AcrlIA4, AcrlIAS,
AcrlIA25.1 and AcrlIA32.1) were cloned into the
pCDNA3.1 vector for expression in human cells. In-
tein 37R3-2 sequence (40) was synthesized and inserted
into the described positions of Acr proteins for construction
of intein—Acr plasmids (pM043-pMO052, Supplementary
Table S5).

T7 endonuclease 1 assay

Plasmids (pM001-pMO024, pMO038—-pMO042, pM049 and
pMO51) expressing Cas9 orthologs, Acr or iAcr proteins,
and sgRNAs used in T7 endonuclease 1 (T7El) assays
are listed in Supplementary Table S5. Target sequences in
AAVSI, EMXI and DYRKIA loci and primer sequences



for PCR amplification are provided in Supplementary Ta-
ble S2. For Figure 4, HEK293T cells cultured in the 24-well
plate were transfected with 1 g of Cas9 plasmid, 0.5 pg of
sgRNA plasmid and 0.5 pg of Acr plasmid per well, using
the Lipofectamine LTX reagent (Invitrogen) according to
the manufacturer’s protocol. For Figure 7D-F, HEK293T
cells were transfected with 1 g of Cas9 plasmid, 0.5 pg
of sgRNA plasmid, and 0.5 or 0.25 pg of Acr or iAcr
plasmid per well in the 24-well plate, with or without 4-
hydroxytamoxifen (4-HT, 1 wM, Selleck S7827). At 72 h
post-transfection, genomic DNA from cells was extracted
with the DNeasy Blood and Tissue Kit (QIAGEN) and am-
plified for PCR with Q5 High-Fidelity Polymerase (NEB).
PCR products mixed with NEBuffer 2 were denatured and
annealed before T7E1 (NEB) was added and incubated at
37°C. Samples were fractionated in a 3% agarose/1x TAE
gel. T7 bands were quantified using the ImageJ software.
The efficiency of genome editing in mammalian cells was
calculated with the following formula: indel (%) = 100

x (1 — /(1 — fractiongeayed))-

Fluorescence imaging for telomeric foci

Plasmids (pM009-pMO012, pM025-pM027, pMO032 and
pMO033) encoding Nme_dCas9-(sfGFP);, Spy_dCas9-
(mCherry);, Spy-Cas9-(mCherry);, their respective
sgRNAs targeting telomeres and Acrs (AcrlIC1, AcrlIA4
and AcrlITAS) were used from our previous study (36). Vec-
tors (pMO013-pM024, pM028—pMO031, pM034 and pMO035)
expressing St1_dCas9-(mCherry)s;, Stl_Cas9-(mCherry)s,
St3_dCas9-(mCherry);, St3_Cas9-(mCherry)s, their re-
spective sgRNAs targeting telomeres and other Acrs are
listed in Supplementary Table S5. For imaging, U20S cells
were cultured on 15-mm glass-bottom dishes (Electron
Microscopy Sciences) in 24-well plates and co-transfected
with 60 ng of each (d)Cas9 plasmid, 300 ng of each sgRNA-
telomere plasmid and 300 ng of individual Acr plasmid
using Lipofectamine LTX reagent (Invitrogen) according
to the manufacturer’s manual. At 24 h post-transfection,
cells were fixed with 4% paraformaldehyde (Beyotime) and
imaged using a Nikon A1R+ confocal microscope with a
60x oil objective lens.

The ‘blind’ experiments were performed according to
the previous studies (41). One experimenter coded the cells
from each condition by labeling numbers. Another exper-
imenter observed and scored the cells under the micro-
scope, who did not know these conditions. For quantifica-
tions, only the cells expressing TagBFP and mCherry flu-
orescence as well as Nme_dCas9-(sfGFP); telomeric foci
were assessed in the presence or absence of co-localizing
S**_(d)Cas9-(mCherry); telomeric foci.

Electrophoretic mobility shift assays

RNA electrophoretic mobility shift assays (EMSAs) were
performed by incubating Cas9 protein (256 nM) and
sgRNA (256 nM) in the presence or absence of Acrs (5
wM) with the indicated order in figure legends. Reactions
were incubated in 1x binding buffer [20 mM Tris—HCI,
pH 7.6, 150 mM KCI, 5 mM EDTA, 5 mM MgCl,, 1
mM DTT, 5% (v/v) glycerol, 50 wg/ml heparin, 0.01%
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Tween 20 and 100 wg/ml BSA]. The sgRNAs and Acr pro-
teins were added in different order and incubated for 10
min at 37°C, respectively. Samples were analyzed on 6%
Tris—borate-EDTA (TBE) polyacrylamide gels and visu-
alized using SYBR Gold (Invitrogen) stain by Typhoon
7000 (GE). We performed DNA EMSAs as previously de-
scribed (42). Briefly, Cas9-sgRNA complexes were incu-
bated in 1x binding buffer for 10 min at 37°C with the in-
dicated concentration in figure legends. Subsequently, Acr
proteins with various concentrations were added and incu-
bated for 20 min at room temperature, and then 20 nM fluo-
rescently labeled substrate DNA (CyS5-labeled target strand)
was added to the mix followed by incubation for 10 min at
37°C. In a parallel experiment, fluorescently labeled sub-
strate DNA was added and incubated for 10 min at 37°C
before Acr proteins with various concentrations were added
and incubated for 20 min at room temperature. Samples
were analyzed by biphasic polyacrylamide (the upper half of
the gel is 6% and the lower half of the gel is 129%)/0.5x TBE
gel electrophoresis. Gels were visualized by Typhoon 7000
(GE). All assays were conducted in triplicates.

Next-generation sequencing

Gene editing efficiencies were assessed by next-generation
sequencing (NGS) using a two-step PCR-based method.
Briefly, genomic DNA from cells was extracted with the
DNeasy Blood and Tissue Kit (QIAGEN) and amplified for
first-step PCR with Q5 High-Fidelity Polymerase (NEB).
Target sequences in EMX] and DYRKI A loci and primer
sequences carrying 5 Illumina sequencing adaptors for
PCR amplification are provided in Supplementary Table S2.
PCR products were purified using QIAquick PCR Purifi-
cation Kit (Qiagen) and serve as template for second-step
PCR with primer sequences carrying Illumina barcodes by
Q5 High-Fidelity Polymerase (NEB). The PCR products
were sequenced on an Illumina MiSeq machine by PE150
via commercial sequencing service (Tsingke Biotechnology)
and the efficiency of genome editing was determined from
the sequencing data using CRISPResso2 (43).

PE-mediated BFP-to-GFP gene editing in HEK293T-BFP
cells

First, we established HEK293T-BFP cells with a chromo-
somally integrated BFP at 44V'S/ locus (Supplementary
Figure S9A) in HEK293T cells based on a previous report
(44). Briefly, HEK293T cells were transfected with Cas9,
AAVSI1-targeting sgRNA plasmids and a donor vector con-
taining homologous sequences and cassette sequences with
BFP and puromycin resistant genes. HEK293T-BFP cells
were selected by puromycin (2 pg/ml) treatment and flow
cytometry (FACSArialll, BD).

To examine the activity of intein—Acr hybrids against
Cas9 in human cells, we performed prime editing (PE)-
mediated BFP-to-GFP gene editing in HEK293T-BFP cells
in the presence or absence of intein—Acr variants under the
condition of 4-HT treatment or not. The plasmid encoding
prime editor PE2 was purchased from Addgene (#132775).
The BFP-targeting pegRNA plasmid was constructed by
synthesizing DNA sequences containing the target, sgRNA
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scaffold, PBS and RT template incorporated into the U6-
sgRNA vector (Supplementary Figure S9C and Supple-
mentary Table S5). HEK293T-BFP cells were cultured in
24-well plates prior to transfection with plasmids encod-
ing prime editor PE2 (1 wg), BFP-targeting pegRNA (0.5
pg) and Acr (0.25 pg) per well using Lipofectamine LTX
reagent (Invitrogen), with or without 4-HT (1 pwM, Sell-
eck S7827). At 72 h post-transfection, cells were collected
and the percentage of GFP-positive cells by flow cytometry
(FACSArialll, BD) was calculated.

RESULTS

Multiple AcrlIIA proteins are discovered from Streptococcus
MGEs

Apart from SpyCas9, different Cas9 orthologs from Strep-
tococcus genomes have also been developed as various gene
editing tools recently (45,46). Many Streptococcus genomes
exhibit a self-targeting phenomenon investigated by the self-
target spacer searcher system (47). However, known Acrs
cannot be matched in most of these genomes, suggesting
that there may be multiple unknown Acrs in Streptococ-
cus genomes. Acrs always cluster together within ‘defense
islands’ in bacterial genomes, so it is possible to find Acrs
by the ‘guilt-by-association’ method using known Acrs or
Aca protein as the search marker according to a previous
study (2). To identify potential Acrs within the Streptococ-
cus MGEs, we conducted bioinformatics searches through
the BLAST program using the widespread AcrllA6 gene
as an initial query sequence (Figure 1A and Supplemen-
tary Figure S1A) (19). The relevant neighboring genes were
taken into account as Acr or Aca candidates (see the ‘Bioin-
formatics analysis’ section for details) and were examined
via a preliminary high-throughput screening approach by
plasmid interference assays in E. coli for subsequent assays,
which we called the ‘search-validation’ process. The vali-
dated Acr or Aca genes were used as markers to further
expand the scope of bioinformatics searches, and the new
candidate Acr proteins were investigated by another round
of plasmid interference assays. Acr candidates were tested
against the most widely used Streptococcus Cas9 systems,
i.e. SpyCas9 and S. thermophilus Cas9 (CR1/St1Cas9 and
CR3/St3Cas9) (48), using our established plasmid interfer-
ence assays in Escherichia coli (Figure 1B) (36). In plasmid
interference assays, DNA fragments encoding Cas9 and Acr
proteins were cloned into compatible bacterial expression
plasmids. The plasmid pT containing a protospacer was
targeted by Cas9 plasmid with matching spacer, while an-
other Cas9 plasmid with mismatching spacer served as a
control (Supplementary Figure S2A). Inhibitory activity of
each Acr was measured by calculating the ratio of cfu be-
tween E. coli transformed with Cas9 plasmid with matching
spacer and that of the mismatching spacer (Figure 1C, and
Supplementary Figures S1B and S2B). After several rounds
of the ‘search-validation” process, we screened ~30 Acr
candidates and identified nine distinct antzi-CRISPR genes
(named AcrllA24-32) along with three aca genes (named
acal 1-13) from Streptococcus MGEs (Supplementary Ta-
ble S1). We found that AcrlIA24-32 exhibited similar in-
hibition on SpyCas9 and St3Cas9, but the inhibition on
St1Cas9 was quite different (Figure 1C and Supplementary

Figure S2B). This result may be due to the fact that SpyCas9
and St3Cas9 are closer in sequence homology, compared
with St1Cas9. Among 11 Acr proteins (addition of two
Acr orthologs: AcrlIA25.1 and AcrIIA32.1) we examined,
5 Acr proteins (AcrITA25, AcrlIA27, Acrl1A28, AcrlIA32
and AcrlIA32.1) exhibited robust inhibitory activities on
both SpyCas9 and St3Cas9. AcrlIA25.1 and AcrITA26 po-
tently inhibited SpyCas9, while AcrlIA24 and AcrlIA29 in-
activated St3Cas9 with various degrees. Additionally, both
AcrIIA30 and AcrIIA31 strongly inhibited St1Cas9 activity
(Figure 1C). However, other Acr candidates (orf1-17) from
neighboring genes had no inhibitory activity on SpyCas9,
St1Cas9 and St3Cas9 in our experiments (Supplementary
Figure S1B). In addition, we noticed that several proteins
(orfl, orfl12 and orf15) are toxic when expressed in E. coli,
so it is difficult to determine whether these proteins are Acr
proteins or not. In sum, our data indicated that multiple
Acrs from AcrllA24-32 can potently inactivate type I11-A
Cas9 orthologs from Streptococcus in E. coli (Table 1).

To further determine the homology landscape of
AcrlIA24-32, we performed comprehensive phyloge-
netic analyses based on BLAST results (Supplementary
Figure S3). Our data showed that AcrlIA28, AcrlIA30
and AcrlTA32 homologs were rare and they were only
distributed in several Streptococcus genomes or phages
(Supplementary Figure S3E, G and I). In contrast,
homologs of other Acr proteins were more widely dis-
tributed across Streptococcus MGEs. AcrlIA26, AcrlTA27,
AcrlIA29 and AcrlIA31 families were observed in multiple
strains of Streptococcus, such as S. mitis, S. salivarius and
S. pyogenes (Supplementary Figure S3C, D, F and H). In
addition, AcrllA24 and AcrlIA25 homologs were found
not only in strains of Streptococcus genomes, but also in
various Streptococcus phages (Supplementary Figure S3A
and B). These data showed that AcrlIA24-32 families are
mainly distributed in Streptococcus, indicating a potential
role for AcrlTA24-32 in arms race between phages and
hosts in Streptococcus.

AcrlIA24-32 are specific inhibitors of the Streptococcus
CRISPR-Cas9 systems

Previous studies showed that some Acrs exhibit broad-
spectrum inhibitions on diverse Cas9 orthologs, like
AcrlIC1 and AcrllAS (36,42). We then asked whether
AcrITA24-32 exert broader inhibitions on other Cas9 or-
thologs. We examined the inhibitory activities of these
Acr proteins against the Cas9 from Neisseria meningitidis
(NmeCas9), a well-studied Cas9 ortholog belonging to type
I1I-C CRISPR-Cas systems. Through the plasmid interfer-
ence assays, our data showed that AcrlIA24-32 had no inhi-
bition on NmeCas9 in E.coli, while AcrITAS can efficiently
inhibit NmeCas9 (Supplementary Figure S2C).

To further investigate whether AcrlIA24-32 are broad-
spectrum inhibitors of Cas9, we performed phage plaque
assays to examine the possible inhibitory activities of
AcrllA24-32 against diverse well-characterized Cas9 or-
thologs, including type II-A [SpyCas9, St1Cas9, St3Cas9
and Staphylococcus aureus Cas9 (SaCas9)], I1-B [Francisella
novicida Cas9 (FnCas9)] and I11-C (NmeCas9) systems (Fig-
ure 2A). We used phage T4 to perform phage plaque as-
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says. Although the cytosine hydroxymethylation and glu-
cosylation of phage T4 DNA can block Cas9 targeting,
some studies showed that Cas9 can effectively target and
cleave the genome of phage T4 at some sites such as gene
23 (38,39,49). In our work, E. coli cells carrying Cas9 ex-
pression plasmids with a spacer targeting the gene 23 of
phage T4 (nontargeting spacer as controls) were challenged
with 10-fold serial dilutions of phage T4 in the presence
or absence of Acrs. We found that all Cas9 orthologs suc-

cessfully reduced the phage T4 plaque, while SpyCas9 dis-
played a slightly weaker efficiency to target phage T4, when
compared to other Cas9 orthologs (Figure 2B). We specu-
lated that SpyCas9 may be more sensitive to cytosine hy-
droxymethylation and glucosylation of the T4 DNA than
other Cas9 orthologs. In addition, we found that AcrIIA30
and AcrIIA31 can specifically inhibit St1Cas9, while other
Acrs can inhibit both SpyCas9 and St3Cas9 (Figure 2B
and C). We also quantified the inhibitory activity of Acrs
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Table 1. Summary of anti-CRISPR proteins reported in this study and their inhibitory activities

Acr Strain Accession number Bacterial Assays Human Assays
SpyCas9 St1Cas9 St3Cas9 SpyCas9 St1Cas9 St3Cas9
AcrllA24 Streptococcus phage CHPC930 AZF92405.1 + - +++ - ND +++
AcrlIA25 Streptococcus phage P7602 ARU14017.1 ++ - +++ + ND ++
AcrlIA25.1 Streptococcus sp. F0441 WP_009730541.1 +++ - + +++ ND ND
AcrllA26 Streptococcus sp. isolate bin_32 RKWO07596.1 +++ - +++ ND ND
AcrIIA27 Streptococcus pyogenes K23866 WP_003055855.1 +++ - +++ +++ ND +++
AcrlITA28 Streptococcus phage Javan128 QBX23430.1 +++ - +++ +++ ND +++
AcrllA29 Streptococcus pyogenes NS3335 WP_136281566.1 - - ++ ND ND +
AcrITA30 Streptococcus gordonii WP_143877237.1 +++ - ND ++ ND
NCTC7870

AcrlIA31 Streptococcus sp. SR1 WP_033585134.1 +++ - ND +++ -
AcrlIA32 Streptococcus uberis NZ01 WP_199763731.1 +++ - +++ +++ ND +++
AcrllA32.1 Streptococcus equinus AR3 WP_094140900.1 +++ - +++ +++ ND +++

20% < inhibitory activity < 50%, marks “+”; 50% < inhibitory activity < 80%, marks “++”; and inhibitory activity > 80% marks “+++”. ND, not

determined.

against diverse Cas9 orthologs in phage plaque assays. The
results showed that AcrlIA30 and AcrIIA31 robustly in-
hibit St1Cas9, and other Acrs can strongly inhibit both
SpyCas9 and St3Cas9. These proteins restored phage T4
replication to nearly the same levels as in the nontarget-
ing control (Figure 2B and C). Our data also showed that
AcrllA24-32 displayed no detectable inhibitory activity on
SaCas9, NmeCas9 and FnCas9. Through phage plaque as-
says, we confirmed that AcrllIA24-32 are bona fide anti-
CRISPR proteins and these proteins are specific inhibitors
of the Streptococcus CRISPR—-Cas9 systems.

AcrIIA24-32 inhibit type II-A Cas9 orthologs in vitro

In plasmid interference assays, some of AcrllIA24-32 pro-
teins exhibited weak inhibitory activities on Streptococcus
CRISPR-Cas9 systems in E. coli (Figure 1C). However,
in phage plaque assays, AcrlIA24-32 exhibited robust in-
hibitory activities of these Acr proteins against type II-
A Cas9 orthologs (SpyCas9, St1Cas9 and St3Cas9) (Fig-
ure 2B and C). To eliminate this discrepancy and confirm
the inhibitory activities of AcrlIA24-32 against Strepto-
coccus CRISPR—Cas9, we purified Cas9 and Acr proteins
and performed DNA cleavage assays in vitro (Supplemen-
tary Figure S4A). The inhibitory activities of AcrlTA24-32
were measured by SpyCas9, St1Cas9 and St3Cas9 RNPs
for targeting a linearized plasmid in the presence or ab-
sence of Acrs (Figure 3A and Supplementary Figure S4B).
The results showed that SpyCas9 can be inhibited by
AcrlIA25, AcrllA25.1, AcrlIA26, AcrllA27, AcrllA2S,
AcrITA32 and AcrlTA32.1 (Figure 3B). Other Acr proteins
except AcrlIA25.1 and AcrlIA30 can inhibit St3Cas9, while
AcrlIA24, AcrlIA25, AcrlIA27, AcrlIA31 and AcrlIA32
display stronger inhibitory activities against St3Cas9 (Fig-
ure 3C). In addition, only AcrIIA30 and AcrIIA31 can po-
tently inactivate St1Cas9 in vitro (Figure 3D). The result
about inhibitory activities of AcrIIA24-32 proteins in DNA
cleavage assays is largely consistent with that in the plasmid
interference assays. We speculated that discrepancies of Acr
inhibitory activities among different assays may be due to
the sensitivity of different experiments. Phage T4, as the vir-
ulent phage of E. coli, can utilize these proteins (including
weak Acrs) to efficiently escape from CRISPR immunity.

Thus, phage plaque assays are sensitive approaches to de-
tect Acrs even displaying an enhanced inhibitory effect of
Acrs.

We also analyzed the dose-dependent effect of Acr pro-
teins against SpyCas9 using DNA cleavage assays with
SpyCas9 RNP (256 nM) and Acr titrations (0, 128,
256, 512, 1024, 2048, 4096 and 8192 nM). The results
showed that AcrITA25.1, AcrITA32.1 and AcrIIA28 can in-
hibit SpyCas9 at lower molar concentration (~512 nM),
but AcrlIA26 and AcrlIA27 require higher concentration
(above 2048 nM) to inhibit SpyCas9, compared to AcrllA4
control (~1024 nM) (Supplementary Figure S5). In ad-
dition, we performed DNA cleavage assays, using pre-
incubated apo-Cas9 with Acr proteins before sgRNA and
target DNA were introduced into the reaction (Supple-
mentary Figure S4C-F). We found no significant differ-
ence under these two reaction conditions, suggesting that
AcrllA24-32 mainly act on Cas9 RNP to impact the down-
stream function of Cas9 RNP.

AcrlIA24-32 inhibit Cas9 ortholog-mediated gene editing in
human cells

Given the wide applications of various Cas9 orthologs
in eukaryotic cells, we next examined whether the corre-
sponding Acrs can inhibit Cas9 orthologs in human cells.
HEK293T cells were co-transfected with plasmids encod-
ing Cas9, genome-targeting sgRNAs and Acrs. The individ-
ual editing efficiency was then analyzed using T7E1 at 72 h
post-transfection (Figure 4A). Human endogenous AAV'S1
and DYRKI A loci were designed for gene editing using type
I1-A Cas9 orthologs from Streptococcus.

Strikingly, we observed that multiple Acrs exhibited
robust inhibitions on SpyCas9, St1Cas9 and St3Cas9
in human cells (Table 1). The SpyCas9 activity was
nearly completely suppressed by AcrllA25.1, AcrllA26,
AcrITA27, AcrlIA28, AcrITA32 and AcrlIA32.1 at levels
comparable with a known potent inhibitor AcrIIAS5 con-
trol, while AcrIIA25 only weakly inhibited SpyCas9 with
44% inhibitory activity on average (Figure 4B and C). In ad-
dition, St3Cas9-mediated gene editing can be inhibited with
different degrees by multiple Acrs, including AcrllA24
(average 91%), AcrllA25 (average 56%), AcrllA27
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Figure 2. AcrllA24-32 are specific inhibitors of the Streptococcus CRISPR-Cas9 system. (A) Schematic view of phage plaque assays to investigate whether
AcrlIA24-32 have broad-spectrum activity on diverse type II-A, I1I-B and II-C Cas9 orthologs. Escherichia coli carrying plasmids for expressing Cas9,
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(average 83%), AcrllA28 (average 84%), AcrllA29 (av-
erage 33%), AcrlIA32 (average 98%) and AcrlIA32.1
(average 93%) (Figure 4D and E). We also found that the
activity of St1Cas9 can be efficiently inhibited by AcrITA30,
AcrlITA31 and an AcrITA31 ortholog (AcrlIA31.1) (Figure
4F and G). Thus, our results indicated that multiple Acrs
from AcrllA24-32 and their orthologs can potently inhibit
Streptococcus Cas9 orthologs (SpyCas9, Stl1Cas9 and
St3Cas9) in human cells.

Diverse strategies are employed by Acrs to inactive Cas9 in
human cells

To investigate the inhibitory mechanisms of Acr pro-
teins we discovered against Cas9, we selected AcrllA24,
AcrlIA25.1, AcrllIA26, AcrlIA27, AcrllA30, AcrllA31
and AcrlIA32.1 to perform the fluorescence imaging as-
says based on the co-localization imaging of Cas9 orthologs
to human telomeric foci in U20S cells (41,50) (Figure SA
and B). The anti-CRISPR effects of Acrs can be evalu-
ated by telomeric DNA binding of mCherry-labeled Strep-
tococcus Cas9 orthologs, using superfolder GFP-labeled
NmeCas9 as a telomeric indicator.

First, we investigated the effects of potent inhibitors
on SpyCas9 binding to DNA, including AcrlIA25.1,

AcrllA26, AcrlIA27 and AcrllA32.1, along with AcrllA4
and AcrlIIAS as controls. We observed the co-localization
of Spy_dCas9-(mCherry); and Nme_dCas9-(sfGFP); to
telomeric foci in cells with co-expressed AcrlIAS or no
Acr control plasmid, while the red telomeric foci formed
by Spy.dCas9-(mCherry); were abolished by AcrllA4
(Figure 5C and Supplementary Figure S6A). However,
co-expression of AcrlTA25.1, AcrlIA26, AcrllA27 or
AcrllA32.1 all resulted in the loss of red telomeric foci for-
mation by Spy_dCas9-(mCherry); without affecting green
telomeric foci formed by Nme_dCas9-(sfGFP); (Figure
5C). We then repeated the experiments in a blinded exper-
imental setup and quantified the number of cells exhibit-
ing Spy-dCas9-(mCherry); telomeric foci in the presence of
different Acr proteins. We observed Spy_dCas9-(mCherry);
telomeric foci in 93.1% of cells in the presence of AcrllAS,
while the Spy_dCas9-(mCherry); telomeric foci in cells ex-
pressing AcrlIA25.1, AcrlIA26, AcrlIA27, AcrlIA32.1 or
AcrllA4 control were rarely observed (Figure SD). We fur-
ther used the catalytically active Cas9 labeled with mCherry
(Spy_Cas9-(mCherry);) for cell imaging in U20S cells.
Consistent with previous results of Spy_dCas9-(mCherry);
telomeric foci, AcrIIA25.1, AcrlIA26, AcrlIA27 and
AcrIIA32.1 potently abrogated the formation of red telom-
eric foci by Spy_Cas9-(mCherry); (Supplementary Figure
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Figure 4. AcrlIA24-32 inhibit different Cas9-mediated gene editing in human cells. (A) Schematic view of T7E1 assay to examine Acr inhibition against
Cas9 orthologs in HEK293T cells. Cells were co-transfected with plasmids encoding Cas9, sgRNA and Acr and subsequently analyzed through T7E1
assay. Representative gel images of T7E1 assay to manifest the inhibitory activities of Acrs against SpyCas9 (B), St3Cas9 (D) and St1Cas9 (F). The target
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S6B and C). These results confirmed that AcrllA25.1,
AcrlTA26, AcrlTA27 and AcrlIA32.1 can strongly block
the DNA binding by SpyCas9 in human cells.
Subsequently, to explore the mechanisms of potent in-
hibitors of St1Cas9 and St3Cas9, we established a similar
fluorescence imaging system using St1Cas9 and St3Cas9
for targeting human telomeric foci in U20S cells (Figure
5A and B). We observed the co-localization of St3_dCas9-
(mCherry); or Stl1_dCas9-(mCherry); with Nme_dCas9-
(sfGFP); to telomeric foci in cells co-expressed with

AcrITAS or no Acr plasmid (Figure SE and G, and Sup-
plementary Figure S6A). AcrlIA24 had no effect on the
co-localization of telomeric foci by St3_dCas9-(mCherry)s,
while AcrlIA27, AcrllIA32.1, AcrlIA30 and AcrlIA31
can abolish red telomeric foci formed by St3Cas9 or
St1Cas9 (Figure 5E and G). We also quantified the num-
ber of cells exhibiting St3_dCas9-(mCherry); or St1_dCas9-
(mCherry); telomeric foci in the presence of different Acr
proteins. We observed St3_dCas9-(mCherry); foci in 96.8%
of cells expressing AcrlIAS and in 96.4% of cells ex-
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Figure 5. Diverse strategies employed by Acrs to disable Cas9 in human cells. (A) A schematic view of the plasmids designed for fluorescence local-
ization of human telomeric foci to investigate the inhibitory strategy of Acrs against type II-A Cas9 orthologs. U20S cells were co-transfected with
plasmids encoding Cas9-fluorescent proteins, their respective sgR NAs targeting telomeres and Acr proteins (marked with the blue fluorescent protein Tag-
BFP). S**_(d)Cas9-(mCherry)s represents six plasmids used in this assay, including Spy_dCas9-(mCherry)s, Spy_Cas9-(mCherry)s, St1_dCas9-(mCherry)s,
St1_Cas9-(mCherry)s, St3_dCas9-(mCherry); and St3_Cas9-(mCherry)s. (B) Diagrams showing targeted human telomeres in U20S cells by Cas9 orthologs
(Nme, Spy, Stl and St3) and their respective protospacer sequences. (C) Representative images of U20S cells co-transfected with Nme_dCas9-(sfGFP)s,
Spy_dCas9-(mCherry)s and Acr plasmids. The fluorescent channels are shown at the top of the figure, and different Acr proteins are shown at the right
of each row. The scale bars represent 10 pm. (D) Quantitation of Spy-dCas9-(mCherry); telomeric foci by calculating the percentage of cells with co-
localization telomeric foci of Nme_dCas9-(sfGFP)3; and Spy_dCas9-(mCherry)s in the presence of different Acr proteins. Foci were scored blind (see the
‘Materials and Methods’ for details). » = number of cells that were scored under each condition. Representative images of U20S cells after transfection
with St3_dCas9-(mCherry); (E) or St1_dCas9-(mCherry); (G), along with Nme_dCas9-(sfGFP)3 and different Acr plasmids. The scale bars represent 10
pm. Quantitation of St3_dCas9-(mCherry); (F) and St1_dCas9-(mCherry); (H) telomeric foci under each condition using the same method as in panel
D).



pressing AcrllA24, while no cells expressing AcrlIA27
or AcrllA32.1 exhibit St3_dCas9-(mCherry); foci (Fig-
ure SF). In addition, St1_dCas9-(mCherry); foci were ob-
served in 72.4% of cells expressing AcrlIAS, in 3.4% of
cells expressing AcrlIA30 and in 0% of cells expressing
AcrlTA31 (Figure SH). We further constructed St3_Cas9-
(mCherry); and St1_Cas9-(mCherry); plasmids containing
catalytically active Cas9 labeled with mCherry. We found
that AcrlIA27, AcrllIA32.1, AcrlIA30 and AcrIIA31 abol-
ished red telomeric foci formed by St3_Cas9-(mCherry); or
St1_Cas9-(mCherry);, and no cells expressing these Acrs
were observed with red telomeric foci when compared
to AcrIIAS control (Supplementary Figure S6D-G). In
addition, AcrIIA24 had no effect on co-localization of
telomeric foci by St3_Cas9-(mCherry); and Nme_dCas9-
(sfGFP);, and 88.5% of cells expressing AcrlIA24 exhib-
ited co-localization signals (Supplementary Figure S6D
and E).

Our results showed that Acrs from Streptococcus MGEs
employed diverse inhibitory strategies to disable Cas9 or-
thologs in human cells. AcrlIA25.1, AcrlIA26, Acrl1A27,
AcrITA30, AcrlIA31 and AcrlTA32.1 can potently block
DNA binding by Cas9 protein. However, AcrlIA24 does
not prevent DNA target binding by Cas9 protein, sug-
gesting that AcrIIA24 may specifically inhibit DNA target
cleavage by Cas9 with the mechanism similar to AcrlICl1.

Acrs exhibit diverse mechanisms to inhibit Cas9

We performed EMSASs in vitro to further examine the mech-
anisms of these Acrs against Cas9. RNA EMSAs were con-
ducted to determine whether these Acrs were able to pre-
vent the formation of Cas9-sgRNA RNP complex. We
found that AcrIIA25.1, AcrlIA26, AcrlIA27, AcrllIA28
and AcrlIA32.1 had no effect on SpyCas9-sgRNA RNP
formation (Supplementary Figure S7A and B). Acrl1A24,
AcrITA30 and AcrITA31 also did not prevent St3Cas9 or
St1Cas9 binding to sgRNA (Supplementary Figure S7C
and D). Interestingly, a supershifted band of RNA was ob-
served after the addition of AcrIIA30, either before or after
the addition of sgRNA (Supplementary Figure S7D). We
speculated that AcrlIA30 may trigger Cas9 RNP complex
dimerization to affect Cas9 function, similar to the mecha-
nisms of AcrlIA6 (31) or AcrlIC3 (42).

Subsequently, the DNA EMSAs were conducted to in-
vestigate how Acrs act on Cas9 RNPs to impact the down-
stream function of Cas9 RNPs. Cas9 RNPs mixed with
catalytically active Cas9 protein and sgRNA were used to-
gether with 10 mM EDTA to abrogate target DNA cleav-
age in the reaction buffer. A fluorescently labeled substrate
DNA (Cy5-labeled target strand) probe was designed and
targeted by SpyCas9, St1Cas9 and St3Cas9 (Supplemen-
tary Table S3). We observed that AcrlIA25.1, Acrl1A26,
AcrlTA27, AcrlTA32.1 and control AcrllA4 efficiently ab-
rogated DNA binding of SpyCas9 RNP, only when added
prior to the addition of target DNA (Figure 6A-D and
Supplementary Figure S§8A-C). Surprisingly, we also found
that AcrlIA25.1 and AcrIIA32.1 can trap the DNA-bound
Cas9 complex to cause DNA ‘supershift’, while AcrI1A26,
AcrlIA27 and the control AcrlIA4 cannot (Figure 6A-D
and Supplementary Figure S8A).
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Next, we investigated the inhibitory mechanism of
AcrllA32.1 against St3Cas9, and a similar result was
achieved compared with AcrlIA32.1 against SpyCas9 (Fig-
ure 6E). We also observed that AcrIIA24 can trap the Cas9-—
DNA complex to cause DNA ‘supershift’ when added be-
fore or after the addition of target DNA, while it had no im-
pact on DNA binding of Cas9 RNP (Figure 6E). This result
indicated that AcrlIA24 should specifically inhibit DNA
target cleavage by St3Cas9. We also examined the inhibitory
mechanisms of AcrlIA30 and AcrITA31 against St1Cas9.
We found that both AcrlIA30 and AcrlIA31 efficiently
block St1Cas9 RNP binding to DNA, only when added
prior to the addition of target DNA (Figure 6F and Sup-
plementary Figure S8D). Like AcrlIA25.1 and AcrIlIA32.1,
AcrIIA30 can bind to the DNA-bound Cas9 complex to
cause DNA ‘supershift’, while AcrITA31 cannot (Figure 6F
and Supplementary Figure S8D).

Considering some unconventional behaviors of
AcrIlA25.1, AcrlIA32.1 and AcrIIA30, we speculated
that these Acr proteins can not only block DNA binding
of Cas9, but also exploit an extra function to inhibit
DNA cleavage activity of Cas9 in the RNP-DNA-Acr
quaternary complex. To test our hypothesis, we performed
DNA cleavage assays by recovering the DNA cleavage
activity of Cas9 through adding extra Mg>* in EMSAs
(Figure 6G). We examined whether Acr proteins affect the
DNA cleavage activity of Cas9, when Acrs were added
before or after the addition of target DNA. Our data
showed that DNA cleavage activities of SpyCas9, St1Cas9
and St3Cas9 were all effectively recovered by adding extra
Mg?>* in EMSAs (Figure 6H and I, and Supplementary
Figure S8E). Compared to AcrlICl1 protein, AcrlIA25.1,
AcrlTA32.1 and control AcrllA4 can strongly inhibit
target DNA cleavage activity of SpyCas9, when added
prior to the addition of target DNA. Both AcrlIA25.1 and
AcrITA32.1 can also inactivate the DNA cleavage activity
of SpyCas9, when added after the addition of target DNA,
in contrast to AcrlIC1 and AcrllA4 controls (Figure 6H).
Combining EMSAs and DNA cleavage assays, our data
showed that AcrlIA25.1 and AcrlIA32.1 can inhibit both
DNA binding and DNA cleavage activity of SpyCas9,
exhibiting unique anti-CRISPR characteristics (Figure 6J).

We further investigated the inhibition of AcrlIA24,
AcrlIA25 and AcrllA32.1 on the DNA cleavage activ-
ity of St3Cas9. We found that AcrllA24, AcrIIA25 and
AcrIIA32.1 exhibited robust inhibitions on DNA cleavage
of St3Cas9, when added before or after the addition of tar-
get DNA (Supplementary Figure S8E). Our results indi-
cated that AcrlIA24 can potently inhibit DNA cleavage step
by St3Cas9, while AcrlTA25 and AcrlIA32.1 inhibit both
DNA binding and DNA cleavage activity of St3Cas9. We
also examined the inhibitory mechanisms of AcrlIA30 and
AcrITA31 on the DNA cleavage activity of St1Cas9, con-
sidering that AcrIIA30 can bind to the DNA-bound Cas9
complex in EMSAs. We found that AcrlIA30 and AcrlTA31
can potently inhibit St1Cas9-mediated DNA cleavage, only
when added prior to the addition of target DNA, indicating
that both AcrIIA30 and AcrIIA31 can inhibit DNA bind-
ing of St1Cas9 without impacting DNA cleavage activity
of St1Cas9 (Figure 61 and J). Taken together, our results
showed that these Acrs we discovered exhibit versatile abil-
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Figure 6. Acrs exhibit diverse mechanisms to inhibit type I1I-A Cas9 orthologs in vitro. EMSAs were conducted to analyze the effect of different Acr
proteins on DNA binding of Cas9 RNP, when Acrs were added prior to or after the addition of target DNA, including AcrlIA25.1 (A), AcrlIA26 (B),
AcrlIA27 (C), AcrlIA32.1 (D), AcrllA24 (E), AcrlIA30 and AcrIIA31 (F). Assays were conducted with Cas9 RNP (256 nM) and Acr titrations (0.125,
0.25,0.5,0.1,0.2, 0.4, 0.8 and 1.6 wM). The assays were analyzed on the nondenaturing gel with target DNA labeled by CyS5. The gels are representative of
three independent replicates. (G) DNA cleavage assays to recover DNA cleavage activity of Cas9 through adding extra Mg2" in EMSAs. The assays were
used to examine whether Acrs affect the DNA cleavage activity of Cas9, when added prior to or after the addition of target DNA (see the ‘Materials and
Methods’ section for details). RT, room temperature. (H, I) DNA cleavage assays were conducted to analyze the effect of Acrs on DNA cleavage activity
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repeated three times and the representative gel figures were shown. (J) Summary of different inhibitory mechanisms of anti-CRISPR proteins identified
in this study. AcrlIA26, AcrlIA27, AcrlIA30 and AcrIIA31 block Cas9 binding to DNA, while AcrlIA24 abrogates the DNA cleavage activity of Cas9.

LAcrllA30 _ AcrllA31

_ Target DNA
——
—
RNA loading R\ DNA binding

Cas9 RNP

AcrllA25.1

AcrllA32.1

AcrllA24
| RuvC
5 3 5 ' 3
8 3 ﬁ , 5
8 5 DNA cleavage s A
¥ A

PAI

HNH

Remarkably, AcrlIA25.1 and AcrlIA32.1 can inhibit both DNA binding and DNA cleavage of Cas9.



ities to inhibit Cas9, with mechanisms including the block-
age of DNA binding, DNA cleavage or both.

Chemically inducible anti-CRISPR variants for the control
of CRISPR-Cas9-mediated genome editing

Since AcrlTA25.1 and AcrlIA32.1 can inhibit both DNA
binding and DNA cleavage activity of Cas9, which manifest
powerful potential for modulating Cas9-based applications
in genome editing, we selected these two proteins as can-
didates for developing chemically inducible anti-CRISPRs.
We also used AcrllA4 and AcrlIAS as controls. We then
designed intein—Acr hybrids by Acr protein fusing with
a ligand-dependent intein 37R3-2 as previously described
(40). Insertion of intein into Acr protein renders Acr inac-
tive, while 4-HT binding to intein can trigger intein protein
self-splicing and restore Acr activity to inhibit Cas9 (Fig-
ure 7A).

We inserted 4-HT-responsive intein into Acrs by replac-
ing a single residue (cysteine, alanine, serine or threonine)
of Acrs, because intein protein splicing leaves behind a sin-
gle cysteine residue and replacement of these residues will
minimize the possible impact of resulting cysteine point
mutation (Supplementary Table S4). To examine the effect
of intein—Acr hybrids against Cas9 in human cells, we de-
signed a BFP-to-GFP reporter system used for PE (Figure
7B). We established functional HEK293T cells with a chro-
mosomally integrated blue fluorescent protein (HEK293T-
BFP cells) at AAVSI locus, and flow cytometry analysis
revealed high ratio of expression of BFP in HEK293T-
BFP cells (Supplementary Figure S9A and B). The PE can
switch BFP into GFP by replacing CC to GT, causing sin-
gle H66Y amino acid substitution (Figure 7B and Sup-
plementary Figure S9C). HEK293T-BFP cells were trans-
fected with plasmids encoding prime editor, BFP-targeting
pegRNA and intein—Acr hybrids in the presence or absence
of 4-HT (1 nwM) (Figure 7B). The effect of intein—Acr hy-
brids against Cas9 can be calculated by comparing BFP-to-
GFP editing efficiencies under each condition.

Our results showed that 4-HT treatment had no
obvious effect on the activities of PE and WT Acrs
in human cells (Figure 7C). Among 10 intein—Acr
variants, the activities of AcrlIA4(T28 and AS5S),
AcrITA5(S87) and AcrIIA25.1(S59) cannot be regu-
lated by 4-HT. Although AcrIIAS5(A68), AcrlIA25.1(S30)
and AcrllIA32.1(T24 and A73) can switch to active state
to inhibit Cas9 through responses to 4-HT treatment,
these four intein—Acr variants were weakly 4-HT depen-
dent (average 1.8-fold regulation). Only two intein—Acr
variants, AcrllA25.1(S76) and AcrlIA32.1(T40), can
inhibit PE-mediated BFP-to-GFP editing in the presence
of 4-HT, exhibiting 4-HT-dependent regulation (with 3.3-
and 3.6-fold changes, respectively). We then referred to
intein—AcrlIA25.1(S76) and intein—AcrlIA32.1(T40) as
iAcrlIA25.1 (abbreviated as iA25.1) and iAcrllIA32.1
(abbreviated as 1A32.1), respectively.

To further examine the 4-HT-dependent activities of
1A25.1 and 1A32.1 to inhibit Cas9-mediated gene editing,
we performed T7E1 assays in HEK293T cells. Human en-
dogenous AAVSI and EMXI loci were designed for gene
editing by SpyCas9. Consistent with the results from PE-
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mediated BFP-to-GFP assays, 4-HT treatment had no ef-
fect on the activities of SpyCas9 and WT Acrs (Figure 7D
and E). Strikingly, we observed that the inhibitory activi-
ties of 1A25.1 and 1A32.1 were 4-HT dependent. These two
proteins have slight effect on SpyCas9 activity without 4-
HT, but they switch to active state to inhibit Cas9 in the
presence of 4-HT (Figure 7D and E). To further examine
the potential applications of iAcr, we conducted T7E1 as-
says to investigate whether 1A32.1 can be activated by 4-HT
to inhibit St3Cas9-mediated gene editing in human cells or
not, given that AcrlIA32.1 is able to block St3Cas9 activity
as well. As expected, our data showed that i1A32.1 with 4-
HT-triggered activity can suppress St3Cas9-mediated gene
editing in human cells (Figure 7F). To assess the 4-HT-
dependent activities of 1A25.1 and iA32.1 to inhibit Cas9-
mediated gene editing, we also performed NGS on EM X1
(targeted by SpyCas9) and DYRKI A (targeted by St3Cas9)
loci. Consistent with the results of T7EI assays, we found
that the inhibitory activities of iA25.1 and 1A32.1 were in-
deed 4-HT dependent (~5-7-fold change) (Supplementary
Figure S10A and B). Thus, our results showed these iAcrs
exhibit 4-HT-dependent regulation to post-translationally
control CRISPR—Cas9-mediated genome editing in human
cells.

DISCUSSION

In response to long-term selective pressures, MGEs evolved
diverse anti-CRISPR proteins to combat CRISPR-Cas
adaptive immune systems in prokaryotes (11). To date, 88
distinct Acr families have been discovered to inhibit multi-
ple types of CRISPR-Cas systems, indicating their impor-
tant roles in CRISPR—Cas biology and phage-host inter-
actions (15). Here, we identified nine distinct anti-CRISPR
genes (AcrllA24-32) in Streptococcus MGEs, using the
‘guilt-by-association’ bioinformatics approach and screen-
ing system in E. coli. AcrlIA24-32 are specific inhibitors
of the Streptococcus CRISPR—Cas9 systems, which can in-
hibit type II-A Cas9 orthologs from Streptococcus (Spy-
Cas9, St1Cas9 and St3Cas9). Through comprehensive phy-
logenetic analyses, we also found that Acrll424-32 fami-
lies are mainly distributed in Streptococcus. These results
suggest that Acr proteins may play an important role in the
evolutionary arms race between phages and hosts in Strep-
tococcus.

All known Acr proteins typically exhibit low molecu-
lar weight and lack conserved sequence and structural fea-
tures, which make it difficult to predict de novo Acr proteins
and their functions. Aca protein usually contains a DNA-
binding domain such as HTH for regulation of acr gene
expression, which can be used as markers for the discov-
ery of novel Acr proteins using the guilt-by-association ap-
proach (33,51,52). In our study, we have identified three new
aca genes (acall—-13) in Streptococcus MGEs, which can
further facilitate the discovery and characterization of rele-
vant Acr proteins. We also found that the N- or C-terminal
portion of some Acrs and their orthologs (i.e. AcrllA24,
AcrIIA29, AcrlTA31 and AcrITA32 families) fuses with Aca
protein, similar to AcrlIA13-15 (23). Because of the similar
inhibitory activity between AcrlIA32 (fusion with Acal3)
and AcrlIA32.1 (without fusion with any Aca protein) in
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Figure 7. Chemically inducible anti-CRISPR systems for the control of CRISPR-Cas9-mediated genome editing. (A) A schematic view of iAcr systems.
Insertion of a ligand-dependent intein into Acr protein renders Acr inactive. 4-HT binding can trigger intein protein splicing and restore Acr activity
to inhibit Cas9. (B) Schematic view of the BFP-to-GFP reporter system for PE to examine the activity of intein-Acr hybrids against Cas9 in human
cells. HEK293T cells with a chromosomally integrated BFP (HEK293T-BFP cells) were transfected with plasmids encoding prime editor, BFP-targeting
pegRNA and intein—Acr hybrids in the presence or absence of 4-HT (1 wM). The percentage of GFP-positive cells was calculated via flow cytometry at
72 h post-transfection. The PE can switch BFP to GFP by replacing CC to GT, causing single H66Y amino acid substitution. The target sequence, PAM
and replaced base are shown in blue, purple and red, respectively. (C) Comparison of BFP-to-GFP conversion efficiencies in the presence or absence of
wild-type (WT) Acr or intein—Acr variants under the condition of 4-HT treatment or not. Intein—Acr variants are identified by the residue replaced by
the intein. WT Acrs including C1 (AcrlIC1), A4 (AcrlIA4), AS (AcrllAS), A25.1 (AcrlIA25.1) and A32.1 (AcrlIA32.1) are used as controls. Error bars
represent the mean + SEM with three biological replicates. (D) Representative gel images of T7E1 assay to manifest the inhibitory activities of Acr and
iAcr proteins against SpyCas9 in the presence or absence of 4-HT. HEK293T cells were transfected with Cas9 (1 pg), sgRNA (0.5 ng) and Acr (0.5 or 0.25
wg) plasmids (see the ‘Materials and Methods’ section for details). The editing efficiencies [indel (%0)] are labeled at the bottom of each lane. The target
sequence and PAM are highlighted in blue and purple, respectively. The gels are representative of three independent replicates. Representative gel images
of T7EI assay to investigate the inhibitory activities of Acr and iAcr proteins against SpyCas9 (E) or St3Cas9 (F) in the presence or absence of 4-HT.
HEK?293T cells were transfected with Cas9 (1 pg), sgRNA (0.5 pg) and Acr (0.25 pg) plasmids (see the ‘Materials and Methods’ section for details). The
editing efficiencies [indel (%0)] are labeled at the bottom of each lane. The target sites of human EM X1 (targeted by SpyCas9) and DYRKI A (targeted by
St3Cas9) are shown at the top of each gel and PAMs are highlighted in purple. The gels are representative of three independent replicates.



bacteria, human cells and even in vitro, we speculate that the
Aca region with fusion motif in these Acr proteins should
have no obvious impact on Acr potency. Although the pos-
sible self-regulation role of Aca should be further eluci-
dated, this Aca and Acr fusion feature may be used as a
more confident marker for the discovery of new Acr pro-
teins.

All elucidated Acr proteins have been shown to inhibit the
CRISPR interference stage, including crRNA loading inter-
ference, DNA binding prevention and DNA cleavage block-
age (24,28,36). In this study, the Acrs we discovered exhibit
versatile abilities to inhibit Cas9 with diverse mechanisms.
Among these Acr proteins, AcrIIA24 abrogates the DNA
cleavage activity of Cas9, suggesting that AcrIIA24 may tar-
get the nuclease domain of Cas9, which is similar to the
mechanisms of AcrIIC1 (42). We also found that AcrITA26,
AcrIIA27, AcrlIA30 and AcrlIA31 are able to block Cas9
binding to DNA, which is reminiscent of AcrllA4 and
AcrITA6 (28,31). Remarkably, AcrITA25.1 and AcrlIA32.1
inhibit both DNA binding and DNA cleavage activity of
Cas9, exhibiting unique anti-CRISPR characteristics. This
unique mechanism of AcrlIA25.1 and AcrITA32.1 may al-
low phages to escape more effectively from CRISPR inter-
ference, and reduce phage multiplicity of infection thresh-
old, which is a critical parameter for infection of Acr-
carrying phage as previously described (53). Future work on
the detailed mechanisms of AcrlIA24-32 with structural or
molecular information will be necessary to understand how
these proteins interact with Cas9 in detail. In addition, the
dual functional capability of AcrlTA25.1 and AcrlIA32.1
gives us new insights into AcrIIAS5, given that the inhibitory
mechanism of AcrlIAS against Cas9 has been debated in
recent publications (36,54,55). In our previous study and
this study, AcrlIAS5 specifically prevents DNA cleavage ac-
tivity of Cas9 in vitro and in vivo, while other reports indi-
cated that AcrIIAS can inhibit target DNA binding of Cas9
in vivo (54,56). Considering that these previous studies as-
sessed AcrlIAS function based only on indirect measure-
ments, this discrepancy may be due to the effects of AcrIIAS
in changing protein expression profiles in cells (36). Here, we
proposed another hypothesis that AcrIIAS might be a dual
functional protein with different tendencies of affecting tar-
get DNA binding and DNA cleavage of Cas9 under differ-
ent experimental conditions. Thus, the exact mechanism of
AcrlTAS5 to inhibit Cas9 needs to be further explored.

Chemically inducible strategies for post-translational
control of protein activity have proven to be effective meth-
ods (40,57), while chemically inducible anti-CRISPR sys-
tems used for genome editing in human cells have not
been described. Here, we successfully developed chemi-
cally inducible anti-CRISPR systems based on AcrlIA25.1
and AcrlIA32.1 for the regulation of Cas9-based genome
editing. In our study, both iA25.1 and iA32.1 display 4-
HT-dependent regulation for post-translational control of
CRISPR-Cas9-mediated genome editing in human cells.
Compared to other strategies for regulating Cas9 activity,
iAcr systems have several unique features that make them
good candidates for certain applications. (i) In our work, we
observed that iA32.1 with 4-HT-triggered activity can not
only modulate SpyCas9 and St3Cas9-mediated gene edit-
ing, but also regulate PE in human cells. Therefore, iAcr
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strategy may achieve broad-spectrum regulation of multi-
ple CRISPR-Cas9 systems and Cas9 effector systems. Ad-
ditionally, current iAcr strategy minimizes the need of cum-
bersomely engineering each Cas9 nuclease or finding small
molecules to inhibit them (12,58-60). (ii) Due to small sizes
of1A25.1 (57.8 kDa) and iA32.1 (57.2 kDa), these iAcrs can
easily be carried by plasmids or viral vectors to obtain effi-
cient Cas9 modulation in vitro and in vivo. (iil) These iAcrs
provide the ‘off-switch’ systems for modulating Cas9 activ-
ity, which are complementary to other existing strategies,
especially for those ‘on-switch’ systems (61,62). Addition-
ally, some type II Acr proteins have been developed to limit
off-target effects by CRISPR—Cas9 under laboratory condi-
tions (44,63,64). These iAcrs can modulate Cas9-mediated
gene editing with potentiality to improve the specificity of
Cas9, which needs to be further investigated. Overall, iAcr
strategy in our work exhibits promising applications in the
future and is a starting point to develop chemically in-
ducible anti-CRISPR systems.

We are also curious about the origin and evolution of
Acr proteins, which is still unclear. A possible hypothesis
is that Acr proteins may derive from the structural protein
of bacteriophages, considering that peptides derived from
the periplasmic domain of phage major coat protein G8P
(G8Ppp) of Inoviridae bacteriophages can inhibit SpyCas9
(31).

In summary, we discovered multiple CRISPR-Cas9 in-
hibitors from Streptococcus MGEs and these Acrs exhib-
ited diverse mechanisms to inhibit Cas9. We also developed
chemically inducible anti-CRISPR systems (1A25.1 and
1A32.1), which exhibit 4-HT-dependent regulation to post-
translationally control CRISPR-Cas9-mediated genome
editing in human cells. Our work expands the diversity of
type II-A anti-CRISPR families and their inhibitory mech-
anisms, providing novel insights into the evolutionary arms
race between phages and hosts and strategies for developing
Acr-associated controllable gene editing tools.
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