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Abstract 

CRISPR–Cas systems serve as adaptive immune systems in bacteria and archaea, protecting against phages and other mobile genetic elements. 
Ho w e v er, phages and archaeal viruses ha v e de v eloped countermeasures, emplo ying anti-CRISPR (A cr) proteins to counteract CRISPR–Cas 
sy stems. Despite the re v olutionary impact of CRISPR–Cas sy stems on genome editing, concerns persist regarding potential of f-target ef fects. 
T heref ore, understanding the str uct ural and molecular intricacies of diverse Acrs is crucial for elucidating the fundamental mechanisms governing 
CRISPR–Cas regulation. In this study, we present the structure of AcrIIA28 from Streptococcus phage Javan 128 and analyze its str uct ural and 
functional features to comprehend the mechanisms in v olv ed in its inhibition of Cas9. Our current study re v eals that A crIIA28 is a metalloprotein 
that contains Zn 2+ and abolishes the clea v age activity of Cas9 only from Streptococcus pyrogen (SpyCas9) by directly interacting with the 
REC3 domain of Sp yCas9. Furthermore, w e demonstrate that the AcrIIA28 interaction pre v ents the target DNA from being loaded onto Cas9. 
These findings indicate the molecular mechanisms underlying AcrIIA28-mediated Cas9 inhibition and provide valuable insights into the ongoing 
e v olutionary battle between bacteria and phages. 
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ntroduction 

s a consequence of an extended evolutionary struggle for
urvival, bacteria have developed an intrinsic adaptive im-
une mechanism known as the clustered regularly interspaced

hort palindromic repeats (CRISPRs) and CRISPR-associated
roteins (Cas) system ( 1 ,2 ). Within bacteria, the CRISPR–Cas
ystem counteracts genetic material infiltration by phages by
rchiving recollections of previous infections in their CRISPR
rrays ( 3 ). After subsequent infections, the CRISPR–Cas sys-
ems exhibit a prompt immune response through a two-phase
rocess ( 3 ,4 ). During the expression phase, the CRISPR array
arbored within the bacterial genome, containing processed
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and integrated segments of invading DNA, undergoes tran-
scription and fragmentation, yielding small CRISPR RNAs
(crRNAs) ( 5 ,6 ). Subsequently, the interference phase unfolds,
wherein the crRNA pairs with Cas proteins to selectively
identify specific DNA sequences from the invader, relying on
the sequence information embedded in the crRNA for target
recognition ( 7–10 ). Upon recognizing a complementary in-
vader DNA sequence, the complex formed by the crRNA and
Cas proteins catalyzes the cleavage of the invader’s genetic ma-
terial autonomously or by enlisting supplementary Cas pro-
teins ( 7–10 ). Given the precision with which this bacterial
immune system can incise specific DNA sites, CRISPR–Cas
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systems have found application in gene editing, enabling tar-
geted modifications of genes for both experimental and medic-
inal objectives ( 11 ,12 ). 

CRISPR–Cas systems are broadly categorized into two pri-
mary classes, Class 1 and Class 2, each encompassing six
distinct types, denoted as type I–VI ( 9 ). These classifications
are based on the composition of the CRISPR locus, the Cas
genes present, and the underlying mechanisms ( 9 ,13 ). Class
1 CRISPR–Cas systems comprise types I, III and IV and con-
sist of intricate multi-subunit RNA-guided surveillance com-
plexes. In contrast, Class 2 CRISPR–Cas systems, including
type II, V and VI, are characterized by the presence of a single
protein effector molecule ( 13 ,14 ). Class 2 CRISPR–Cas sys-
tems, such as type II, feature a solitary effector protein called
Cas9, which serves the dual function of target recognition and
cleavage through interaction with a single guide RNA ( 15 ).
For the type II CRISPR systems, Cas9 is adept at recognizing
a protospacer adjacent motif (PAM), subsequently scanning
neighboring DNA for sequences complementary to a segment
located at the 3’ terminus of the guide RNA, thus, establish-
ing precise binding to its designated target ( 11 ,16 ). This inter-
action prompts a conformational alteration in Cas9 upon its
binding to the target DNA, inducing an active state of DNA
cleavage via a reconfiguration of the HNH and RuvC nuclease
domains. Notably, these allosteric interactions play a pivotal
role in modulating the cleavage activity of Cas9 ( 15 ,17–19 ).
The inherent simplicity and accuracy of the CRISPR–Cas9
tool have propelled its widespread adoption as a prominent
genome-engineering technique, particularly in gene editing,
which can be utilized in both research and therapeutic appli-
cations ( 20–22 ). 

In response to the relentless struggle for persistence, bac-
teriophages (phages) have developed a countermeasure in
the form of anti-CRISPR proteins (Acrs) to thwart CRISPR–
Cas systems, thus eluding bacterial immune defenses ( 23–
25 ). Since the initial discovery of Acrs in 2013, about 100
Acr variants have been identified through functional screen-
ing and bioinformatic analysis ( 26 ). Given the frequent ab-
sence of sequence homology and common structural mo-
tifs among Acr proteins, their classification hinges on the
specific CRISPR–Cas systems they target ( 25 ,27 ,28 ). For
instance, Acrs that inhibit the type IF CRISPR–Cas sys-
tem are designated AcrIF, whereas those targeting the type
IIA CRISPR–Cas system are categorized within the AcrIIA
family. 

The AcrIIA family is known to inhibit the CRISPR–
Cas9 system and has been identified in various bacterial
species, suggesting it plays a widespread role in governing
CRISPR–Cas activities. Previous investigations into AcrIIA9
and AcrIIA4 have yielded insights into the inhibitory mech-
anisms employed by this family, revealing direct interactions
with Cas9 and Cas1–Cas2 complexes, respectively ( 29–31 ).
While CRISPR-Cas systems have ushered in a new era of
genome editing, providing a means for precise and efficient
genetic manipulation ( 24 ,32 ), apprehensions surrounding po-
tential off-target effects and unintended consequences neces-
sitate a comprehensive exploration of their structural and
molecular aspects. Thus, the intricate understanding of var-
ious Acrs is paramount for unraveling the nuanced mech-
anisms underlying the regulation of CRISPR–Cas systems.
Moreover, despite identifying Acrs with potent inhibitory ca-
pabilities, the intricate details of how these Acrs inhibit Cas9

still need to be discovered. 

 

AcrIIA28 is classified as an anti-CRISPR protein renowned 

for its capacity to impede the DNA cleavage activity inher- 
ent to the Cas9 enzyme ( 33 ). While the potent inhibitory abil- 
ity of AcrIIA28 has been identified, the mechanisms by which 

it inhibits Cas9 have yet to be elucidated. In this study, we 
presented the determination of the 3D structure of AcrIIA28 

from Streptococcus phage Javan 128 . Moreover, we analyzed 

its structural and functional features to understand the molec- 
ular basis of the mechanism through which AcrIIA28 inhibits 
Cas9. We have demonstrated that AcrIIA28 is a metallopro- 
tein containing Zn2+, and the presence of Zn 

2+ affects the 
activity of AcrIIA28. We found that AcrIIA28 specifically in- 
hibits Cas9 from Streptococcus pyrogen (SpyCas9) but not 
Cas9 from other species by directly interacting with the REC3 

domain of Cas9. Finally, we revealed that the direct interac- 
tion between AcrIIA28 and Cas9 prevents the target DNA 

from being loaded into Cas9, meaning Cas9 cannot cleave the 
DNA. These discoveries illuminate the molecular foundations 
of CRISPR–Cas inhibition orchestrated by AcrIIA28, offering 
valuable insights into the ongoing evolutionary battle between 

bacteria and phages. Moreover, a thorough comprehension 

of the structural and functional aspects of the AcrIIA family 
enhances our understanding of bacterial defense mechanisms 
and has the potential to unveil novel anti-CRISPR strategies. 

Materials and methods 

Cloning, overexpression, and purification of 
AcrIIA28, various Cas9 from different species and 

various Cas9 domains for structural and 

biochemical studies 

Primer sequences used in this study are listed in 

Supplementary Table S1 . The total length of the AcrIIA28 

(residues 1–88) gene in Streptococcus Phage Javan128 (ac- 
cession number: QBX23430.1) was synthesized by Bionics 
(Daejeon, Republic of Korea) and then cloned into a pET21a 
plasmid vector (Novagen, Madison, WI, USA), which contains 
a C-terminal hexa-histidine tag for affinity chromatography.
The NdeI and XhoI restriction sites were used for cloning.
After transforming the resulting recombinant construct into 

Esc heric hia coli BL21(DE3) competent cells, a single colony 
was selected and cultured in 1 l lysogeny broth at 37 

◦C 

containing 50 μg / ml ampicillin until reaching a 600 nm 

optical density of 0.7–0.8. Then, 0.5 mM isopropyl- β- d -1- 
thiogalactopyranoside (IPTG) was added and incubated in a 
shaking incubator at 20 

◦C for 18 h. The cultured cells were 
harvested by centrifugation at 2350 × g and 20 

◦C for 15 

min, resuspended in 20 ml lysis buffer (20 mM Tris–HCl pH 

8.0 and 500 mM NaCl), and lysed via ultrasonication at 4 

◦C.
The cell lysate and the supernatant were separated by cen- 
trifugation at 27 000 × g and 4 

◦C for 30 min. The separated 

supernatants were gathered, mixed with Ni-nitrilotriacetic 
acid (NTA) affinity resins, and incubated at 4 

◦C for 3 h.
Then, the incubated mixture was loaded onto a gravity-flow 

column (Bio-Rad, Hercules, C A, US A). After the mixture 
had flowed through, the resins were washed with an addi- 
tional 50 ml lysis buffer to remove the impurities. Then, the 
resin-bound AcrIIA28 was eluted by adding elution buffer 
(20 mM Tris–HCl pH 8.0, 500 mM NaCl and 250 mM 

imidazole). The target protein samples were further purified 

by size exclusion chromatography (SEC) on a Superdex 200 

Increase 10 / 300 GL column (GE Healthcare, Waukesha,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae357#supplementary-data
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I, USA), previously equilibrated with SEC buffer (20 mM
ris–HCl pH 8.0 and 150 mM NaCl), and connected to an
KTA Explorer system (GE Healthcare). Eluted fractions
ere collected, pooled and concentrated to 19.5 mg / ml for

tructural and biochemical studies. The purity of the sample
as visualized using sodium dodecyl sulfate-polyacrylamide

el electrophoresis (SDS-PAGE). 
The S. pyogenes Cas9 (#62731), N. meningitides Cas9

#71474), H. parainfluenzae Cas9 (#121540) and S. muel-
eri Cas9 (#121541) expression constructs were purchased
rom Addgene. The SpyREC12, SpyREC3, SpyHNH, Spy-

ED and SpyPI domain expression constructs were produced
sing cloning assays with purchased S. pyogenes Cas9 plas-
ids as templates. All the PCR products were cloned into

he pET21a vector using NdeI and XhoI restriction sites. All
he proteins were purified using the same method to purify
crIIA28. 

rystallization and X-ray diffraction data collection 

rystallization of AcrIIA28 was performed in an incubator
t 20 

◦C using the sitting drop vapor diffusion method. Initial
rystals were obtained by mixing 1 μl of protein solution (19.5
g / ml protein in SEC buffer) with 1 μl of reservoir solution

0.1 M HEPES pH 7.0, 0.5 M sodium phosphate, and 0.5 M
otassium phosphate) and equilibrating the mixture using 0.5
l of reservoir solution. The final crystals used for the X-ray
iffraction study were grown on plates by equilibrating a mix-
ure containing 1 μl of protein solution and 1 μl of reservoir
olution containing 0.1 M HEPES pH 7.5, 0.8 M sodium cit-
ate, 0.8 M potassium phosphate in two days. Subsequently, a
ingle crystal was selected and soaked in a reservoir solution
upplemented with 30% (v / v) glycerol for cryoprotection. X-
ay diffraction data were collected at −178 

◦C using the BL-5C
eamline at the Pohang Accelerator Laboratory (Pohang, Ko-
ea). Data processing, which included indexing, integration,
nd scaling, was performed using HKL2000 software ( 34 ). 

tructure determination and refinement 

he AcrIIA28 structure was determined using ARCIM-
OLDO_BORGES, an ab initio phasing software ( 35 ), and by
ombining the fragment search using Phaser ( 36 ) and density
odification using SHELXE ( 37 ). The initial model was gener-

ted automatically using AutoBuild from the Phenix package.
ubsequent model building with refinement was performed
sing Coot ( 38 ) and phenix.refine ( 39 ). The structure qual-
ty and stereochemistry were validated using the MolProbity
 40 ). All structural figures were generated using the PyMOL
rogram ( 41 ). 

ulti-angle light scattering analysis (MALS) 

EC-coupled multi-angle light scattering (SEC-MALS) exper-
ments were conducted to determine the absolute molecu-
ar mass of AcrIIA28 in solution. Purified AcrIIA28 protein
n SEC buffer was injected into a Superdex 200 Increase
0 / 300 GL column pre-equilibrated with SEC buffer. SEC-
ALS was performed at 20 

◦C with a 0.5 ml / min buffer flow
ate. The ÄKTA explorer system (GE Healthcare) was cou-
led with a DAWN-Treos MALS detector (Wyatt Technology,
anta Barbara, USA). A reference molecular mass value was
stablished using bovine serum albumin for calibration. Data
ere processed and assessed using ASTRA software (Wyatt
echnology). 
In vitro anti-CRISPR activity assay 

To assess the inhibitory potential of AcrIIA28 and its mutants
on Cas9-mediated target cleavage, a series of in vitro target
DNA cleavage assays were conducted. SpyCas9 enzyme, ac-
quired from NEB, was combined with a single guide RNA
(sgRNA), generated using the HiScribeTM T7 Quick High
Yield RNA Synthesis kit (NEB). Then, this mixture was in-
cubated in NEBuffer r3.1 (NEB) at 20 

◦C for 15 min. Sub-
sequently, each wild-type AcrIIA28 and the mutant variants
were introduced to the Cas9 / sgRNA mixture and further in-
cubated at 20 

◦C for 15 min. Following the incubation step,
target DNA was introduced into the reaction mixture, and
the reaction was carried out at 37 

◦C for 30 min. Proteinase K
was added and incubated for 10 min to terminate the reaction.
Subsequently, all reaction products were subjected to load-
ing and separation through electrophoresis on 4% polyacry-
lamide gels. The visualization of DNA cleavage products was
accomplished by staining the gels with SYBR GOLD. The re-
sulting gel images were analyzed to evaluate the inhibitory im-
pact of the wild-type AcrIIA28 and the various mutant forms
on Cas9-mediated target cleavage. 

Inductively coupled plasma-mass spectrometry 

(ICP-MS) analysis 

The concentration of trace metal ions in AcrIIA28 was deter-
mined through a comparative analysis involving a serial di-
lution of the Recipe® control samples (Munich, Germany),
which were prepared in water. A combination of Be and Co in-
ternal standards was added to both the calibration points and
the samples at specific concentrations to ensure accuracy. The
measurements were performed using a NexION350D ICP-MS
(Perkin-Elmer SCIEX model) and an Argon plasma source.
This analysis was conducted at the National Center for Inter-
University Facilities within Seoul National University (Seoul,
Korea). The sample was introduced at a 1.00 ml / min rate dur-
ing measurement. The obtained data presented in the results
are the average values derived from triplicate samples, ensur-
ing a robust evaluation of the trace metal ion concentrations
in AcrIIA28. 

Size exclusion chromatography assay for complex 

formation 

Size exclusion chromatography (SEC) was employed to in-
vestigate the formation of complexes between various Cas9s
from different species and AcrIIA28, SpyCas9 domains and
AcrIIA28, and SpyCas9 and multiple mutants of AcrIIA28.
AcrIIA28 was mixed with various Cas9s and each Cas9 do-
main, followed by incubation at 4 

◦C for 1 h. Numerous
AcrIIA28 mutants were mixed with various Cas9s and each
Cas9 domain and incubated at 4 

◦C for 1 h. Then, the re-
sulting mixture was loaded onto a Superdex 200 Increase
10 / 300 GL column (GE Healthcare) pre-equilibrated with
SEC buffer (20 mM Tris–HCl pH 8.0, 150 mM NaCl).
The eluted fractions corresponding to the peaks of inter-
est were collected, and the samples were subsequently ana-
lyzed by SDS-PAGE stained with Coomassie Brilliant Blue.
The migration patterns and the co-migration of protein
bands within the gel were carefully examined and ana-
lyzed to assess the complex formation between AcrIIA28
or various mutants and the Cas9 proteins or individual
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Native-PAGE 

Protein–protein complex formation between SpyCas9 (or
SpyREC3 domain) and AcrIIA28 was evaluated using na-
tive (non-denaturing) PAGE with 25% acrylamide gels.
Coomassie Brilliant Blue was used to stain and detect the
shifted bands. A concentration of 1 mM of each protein was
used for this experiment. 

Isothermal titration calorimetry (ITC) 

Nano ITC (TA Instruments) was used in the ITC experi-
ments. For the ITC experiments, AcrIIA28 and SpyREC3 do-
main samples were prepared in a PBS buffer. Before titra-
tion, both protein samples were centrifuged at 14 000 rpm
and 4 

◦C for 10 min to remove debris. For titration, a con-
centrated AcrIIA28 (1.2 mM) was injected into a cell con-
taining SpyREC3 domain (100 μM). All titrations were per-
formed at 10 

◦C with 25 injections performed at 200-s inter-
vals. The binding isotherms were analyzed using the software
provided by TA Instruments. Baseline controls were obtained
from AcrIIA28 titrations to the buffer. 

Modelling of AcrIIA28 / SpyCas9 complex structure 

To generate a docking model of the AcrIIA28 / SpyCas9 com-
plex, the HDOCK server was utilized ( 42 ). The SpyCas9 struc-
ture used for the docking process was obtained from a previ-
ously solved structure within the Protein Data Bank (PDB) ID
5VW1, the target DNA-bound Cas9 / sgRNA complex model
( 30 ). The default parameters provided by the HDOCK server
were employed for the docking simulation. 

Mutagenesis 

Site-directed mutagenesis was performed utilizing a
QuickChange kit obtained from Stratagene (San Diego,
C A, US A), following the manufacturer’s instructions.
Primer sequences used for mutagenesis are listed in
Supplementary Table S1 . The resulting mutations were
subjected to sequencing analysis to verify the precision of
the introduced alterations. This step ensured the fidelity of
the modifications. Following successful validation, all mutant
protein variants were produced and purified by applying the
identical methodology previously described for the wild-type
protein. 

Electrophoretic mobility shift assay with 

polyacrylamide gel (EMSA-P) 

Purified target DNA (20 ng) was incubated with the
AcrIIA28 + RNP complex or RNP alone in binding buffer
(10 mM HEPES pH 7.5, 1 mM MgCl 2 20 mM KCl, 1 mM
Tris-(2-carboxyethyl)-phosphine (TCEP) and 5% (v / v) glyc-
erol, at a final volume of 20 μl) on ice for 30 min. Then, the
prepared samples were separated by gel electrophoresis at 100
V on a 10% native 0.5 × TBE (Tris borate EDTA) polyacry-
lamide gel. AcrIIA28 was added to the RNP + DNA sample
immediately prior to gel electrophoresis. After electrophore-
sis, gels were stained with SYBR Gold (Invitrogen, Waltham,
MA, USA) and visualized according to the manufacturer’s in-

structions. 
Results 

The high-resolution structural analysis of AcrIIA28 

reveals a novel structure 

The investigation into the inhibition mechanism of AcrIIA28 

was launched by performing the overexpression and purifi- 
cation of full-length AcrIIA28 for its subsequent structural 
analysis. The purification process encompassed Ni-NTA affin- 
ity chromatography followed by size exclusion chromatog- 
raphy (SEC). A distinct peak was observed throughout the 
SEC. SDS-PAGE analysis confirmed the purity of the AcrIIA28 

protein in the main peak (Figure 1 A). Attempted crystalliza- 
tions were performed using protein samples eluted from the 
main peak, and successful crystallization was achieved. The 
diffraction data from a single crystal were collected at the PAL 

synchrotron. 
The initial molecular replacement (MR) phasing method,

carried out by employing a predicted structural model from 

Alphafold2 ( 43 ), failed. However, the ab initio phasing 
method using ARCIMBOLDO_BORGES software, which an- 
alyzes data on small helix and sheet fragments available in 

the PDB, was successfully conducted to solve the phasing is- 
sue. Finally, the 1.45 Å high-resolution structure of AcrIIA28 

was determined, and the final structural model was refined 

to R work = 19.75% and R free = 20.36%. The diffraction 

data and refinement statistics are summarized in Table 1 .
The crystal belonged to space group P 4 1 2 1 2 and contained 

a single molecule in the asymmetric unit (ASU). The final 
structural model covered most of AcrIIA28 (residues M1 to 

Y86), excluding the last two C-terminal amino acids due 
to unclear electron density. The structure of AcrIIA28 con- 
sisted of four α-helices ( α1–α4) (Figure 1 B and C). Two 

major long helices in the centre ( α2 and α3) is covered by 
two short helices from N- and C-terminal parts ( α1 and 

α4) (Figure 1 B). Analysis of the electrostatic potential on 

the surface indicated that both negative and positive charges 
were distributed equally to the surface of AcrIIA28 (Figure 
1 D). B -factor analysis highlighted high rigidity, with low B - 
factor values (average 25.3 Å) for most of the structure,
except the α3 region (average 48.2 Å) (Figure 1 E), under- 
scoring the rigid conformation of the AcrIIA28 protein in 

solution. 
Exploring structurally similar proteins to AcrIIA28 using 

the DALI server ( 44 ) revealed that non-structural protein 1 

(NS1), that is a protein from influenza virus, was the most 
structurally similar (Figure 1 F). While NS1 emerged as the 
closest related structure, the low Z -score (6.1) and sequence 
identity (6%) indicated insufficient structural similarity. In ad- 
dition, the other selected proteins also exhibited low Z -scores 
(around 5.9–5.6) and sequence identity (2–12%), indicating 
that the AcrIIA28 structure is novel, whose fold has not been 

reported previously. 
Since the MR phasing method, which used the predicted 

structural model by Alphafold2, failed, we were curious to ob- 
serve whether the predicted model was similar to the experi- 
mental structure. To accomplish this, we aligned two struc- 
tures. Structural alignment of AcrIIA28 and the Alphafold2 

predicted model revealed that the structures differed. Al- 
though the overall fold was the same, it was composed of four 
helices (Figure 1 G). Notably, the locations of the N-terminal 
loop, α1 helix, α3 helix and the α3–α4 connecting loop were 
different from each other, although the starting and ending 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae357#supplementary-data
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Figure 1. The high-resolution AcrIIA28 str uct ure reveals a novel str uct ural fold. ( A ) Size exclusion chromatography (SEC) profile of AcrIIA28. SDS-PAGE 
gel loaded with the main peak fractions is provided at the right side of the profile. Loaded fractions are indicated by the horizontal black bar. The 
corresponding fractions from SEC loaded onto SDS-PAGE are indicated by black arrows. ( B ) Cartoon representation of AcrIIA28 str uct ure. The color of 
the chain from the N- to the C-termini gradually mo v es through the spectrum from blue to red. The four helices are labeled α1 –α4 . ( C ) Topology 
representation of AcrIIA28. ( D ) Surface electrostatic potential of AcrIIA28. The respective surface electrostatic distributions are represented by a scale 
ranging from −7.1 kT / e (red) to +7.1 kT / e (blue). ( E ) B -factor distribution in the str uct ure of A crIIA28. T he str uct ure is presented in a putt y represent ation. 
Rainbow colors from red to violet with increasing B- factor values were used for B- factor visualization. ( F ) Table summarizing the result of str uct ural 
similarity search using DALI server. ( G ) Str uct ural superimposition of the experimental str uct ure of AcrIIA28 (orange) with predicted str uct ure by 
AlphaFold2 (grey). Str uct urally different regions that are not aligned are labeled. ( H ) SEC-multi-angle light scattering (MALS) profile of AcrIIA28. The 
experimental MALS data (red line) are plotted as SEC elution volume (x-axis) versus absolute molecular mass (y-axis) distributions on the SEC 

c hromatogram (blac k) at 280 nm. 
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oints of the four helixes were well matched (Figure 1 G). This
tructural discrepancy caused the unsuccessful result for the

R phasing. 
Indeed, while numerous Acrs are known to inhibit the ac-

ivity of Cas9 as monomers, it has been demonstrated previ-
usly that certain Acrs exert their function in a dimeric con-
guration ( 12 ,45 ). In the case of AcrIIA28, the SEC result
howed that AcrIIA28 was eluted between the molecular sizes
f 17 and 1.35 kDa by producing one prominent peak in the
hromatogram (Figure 1 A). Since the SEC result was not suffi-
ient to conclude the stoichiometry issue, to ascertain the sto-
chiometry of AcrIIA28, multi-angle light scattering (MALS)
as employed. MALS analysis yielded an experimental molec-
lar weight of 12.51 kDa (with a fitting error of 8.4%) (Fig-
re 1 H). Considering the theoretically calculated molecular
eight of monomeric AcrIIA28 with a C-terminal 6X histi-
ine tag, 11.48 kDa, the MALS data indicated that AcrIIA28

xists as a monomer in solution. 

 

AcrIIA28 effectively suppresses the DNA cleavage 

activity of Cas9, irrespective of the order of the 

reaction 

To assess the inhibitory impact of AcrIIA28 on the enzymatic
activity of Cas9, an in vitro target DNA cleavage assay was
established. For this purpose, Cas9 from Streptococcus pyro-
gens (SpyCas9) was representatively selected for AcrIIA28’s
inhibitory activity assay. SpyCas9, the most commonly em-
ployed enzyme in genome-editing applications, is a substan-
tial nuclease consisting of 1368 amino acid residues. The as-
say used an 1100 bp double-stranded DNA (dsDNA) sub-
strate containing the target region with the PAM sequence
(5 

′ -NGG-3 

′ ) of SpyCas9, along with a designed single guide
RNA (sgRNA) for guiding SpyCas9 to the specific target site.
The assay involved varying concentrations of AcrIIA28 to
assess its inhibitory potential quantitatively. As anticipated,
when SpyCas9 was incubated with sgRNA to form the ri-
bonucleoprotein (RNP) complex, the target DNA was cleaved
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Table 1. Data collection and refinement statistics 

Data collection 
Space group P 4 1 2 1 2 
Unit cell parameter a , b , c (Å) 
a , b , c (Å) a = 64.43, b = 64.43, 

c = 62.82 
α, β, γ ( ◦) α = 90, β = 90, γ = 90 
Resolution range (Å) 28.81–1.45 
Total reflections 616 092 
Unique reflections 24 054 
Multiplicity a 25.6 (25.3) 
Completeness (%) a 99.98 (100.00) 
Mean I / σ( I ) a 28.29 (2.41) 
R merge 

a,b 0.06604 (1.474) 
Wilson B -factor (Å2 ) 20.90 
Refinement 
Resolution range (Å) 28.81–1.45 
Reflections 24052 
R work (%) a 20.91 (27.03) 
R free (%) a 21.89 (25.83) 
No. of molecules in the 
asymmetric unit 

1 

No. of non-hydrogen atoms 821 
Macromolecules 733 
Ligands 1 
Solvents 87 
Average B -factor values (Å2 ) 23.55 
Macromolecules 22.41 
Ligands 26.92 
Solvents 33.14 
Ramachandran plot: 
Favored / allowed / outliers (%) 100.00 / 0.00 / 0.00 
Rotamer outliers (%) 0.00 
Clash score 0.68 
RMSD bonds (Å) / angles ( ◦) 0.014 / 2.02 
a Values for the outermost resolution shell in parentheses. 
b R merge =�h �i | I ( h ) i − < I ( h ) > | / �h �i I ( h ) i , where I ( h ) is the observed in- 
tensity of reflection h , and < I ( h ) > is the average intensity obtained from 

multiple measurements. 
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by SpyCas9 (Figure 2 A). However, the addition of AcrIIA28
led to a gradual reduction in the cleavage of the target DNA
with increasing concentrations of AcrIIA28 (Figure 2 A). At an
AcrIIA28 concentration of 1 μM, the cleavage activity of Spy-
Cas9 was nearly completely inhibited. The band correspond-
ing to the cleaved DNA fragment disappeared on the gel. In-
deed, a low AcrIIA28 concentration of around 0.05 μM also
effectively blocked the cleavage activity of SpyCas9, indicat-
ing that AcrIIA28 is an efficient and potent SpyCas9 inhibitor.

To further dissect the significance of the reaction order, ad-
ditional assays were conducted with variations in the incu-
bating reaction components. Despite the alterations in incu-
bation order for each sample, the results consistently demon-
strated robust inhibitory activity in all cases (Figure 2 B). These
supplementary assays indicate that the inhibitory impact of
AcrIIA28 on SpyCas9 is not reliant on the reaction order. 

AcrIIA28 is a metalloprotein containing Zn 

2+ that 
affect the inhibitory activity of AcrIIA28 against 
Cas9 

During the structural refinement step, we found a big round-
shape electron density, which exhibited a typical metal
ion density, around the α3–α4 connecting loop region of
AcrIIA28 (Figure 3 A). This metal ion density was coordinated
by oxygens from the main chain of E39, I42 and G44 (Figure
3 B). The distance between metal ion and coordinated primary
chain oxygen was less then 3 Å (Figure 3 C). To reveal the iden- 
tity of this metal ion, we used inductively coupled plasma mass 
spectrometry (ICP-MS). This analysis indicated that Zn 

2+ was 
the metal ion, with a detected concentration of 105.3 ppb 

( μg / kg) (Figure 3 D). 
After identifying that AcrIIA28 is a Zn 

2+ binding protein,
we posited whether Zn 

2+ is critical for the inhibitory activ- 
ity of AcrIIA28. Thus, we performed a functional assay for 
AcrIIA28 on the activity of SpyCas9 using the AcrIIA28 sam- 
ple with Zn 

2+ removed. This sample was prepared by adding 
EDTA during the purification steps. EDTA used for chelating 
Zn 

2+ was finally removed by another SEC process. ICP-MS 
confirmed the absence of Zn 

2+ in the final AcrIIA28 sample.
Although Zn 

2+ was not wholly removed, more than half of 
the Zn 

2+ was eliminated by adding EDTA (Figure 3 D). We 
performed concentration-dependent inhibition assays on this 
sample (AcrIIA28 (EDTA)) and compared its activity with that 
of the sample without Zn 

2+ removal (AcrIIA28). The results 
showed that while the AcrIIA28 (EDTA) sample exhibited 

nearly identical activity to AcrIIA28 sample at lower concen- 
trations, its ability to inhibit DNA cleavage activity of Cas9 

significantly decreased at higher concentrations, around 1 μM.
This finding suggests that Zn 

2+ indeed affects the activity of 
AcrIIA28, and particularly at higher concentrations, it plays a 
crucial role in effectively inhibiting Cas9 activity (Figure 3 E). 

AcrIIA28 specifically binds to SpyCas9 via the REC3 

domain 

Various strategies employed by Acrs to inhibit Cas9 have been 

proposed previously, including directly binding to the target 
DNA or sgRNA and to the Cas9 protein itself ( 29 , 30 , 45–
50 ). Building upon this previous research, the inhibition mech- 
anism of AcrIIA28 was further explored by performing a 
binding assay using the full-length Cas9 proteins from differ- 
ent species, such as Streptococcus pyogenes (SpyCas9), Neis- 
seria meningitidis (NmeCas9), Haemophilus parainfluenzae 
(HpaCas9), Simonsiella muelleri (SmuCas9) and Staphylococ- 
cus aureus (SauCas9). When purified, AcrIIA28 was mixed 

with various Cas9 proteins, incubated, and loaded onto the 
SEC column; AcrIIA28 only co-migrated with SpyCas9, in- 
dicating that AcrIIA28 only specifically binds to SpyCas9 

among the tested proteins (Figure 4 A, B and Supplementary 
Figure S1 ). To confirm the interaction between AcrIIA28 

and SpyCas9, we performed native PAGE. When AcrIIA28 

was mixed with SpyCas9 and applied to native PAGE, the 
AcrIIA28 band completely disappeared, and a new band was 
produced immediately under the SpyCas9 band. This in- 
dicates that the newly formed band was produced by the 
AcrIIA28 / SpyCas9 complex (Figure 4 C). 

For a more comprehensive understanding of the binding 
mechanism, further tests were conducted using individual Spy- 
Cas9 domains. As SpyCas9 is composed of distinct functional 
domains, including RuvC, REC, HNH, WED and PI, various 
expression constructs were generated to purify each domain 

for in vitro interaction tests (Figure 4 D). Among the tested do- 
mains, we obtained soluble proteins for the REC1–2, REC3,
HNH, WED domains of SpyCas9. The PI domain was insol- 
uble in our experiments. We also employed the SEC binding 
tests to observe the interaction between AcrIIA28 and each 

SpyCas9 domain. According to these experiments, no obvi- 
ous co-migration with AcrIIA28 was observed for the REC1–
2, HNH and WED domains, indicating that AcrIIA28 does 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae357#supplementary-data
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Figure 2. AcrIIA28 inhibits the target DNA cleavage activity of SpyCas9, regardless of reaction order. ( A ) An in vitro anti-CRISPR activity assay was used 
to detect Acr concentration-dependent inhibition of SpyCas9 activity. Polyacrylamide gels (4%) were stained with SYBR GOLD. The amount of AcrIIA28 
added to the reaction is indicated. The numbers next to the agents used in the experiment indicate the order in which agents were added to the 
reaction: one represents the sample added first, and four represents the sample added last. In the enzyme reaction, + and – indicate added and not 
added, respectively. ( B ) An in vitro anti-CRISPR activity assay was performed to detect the reaction order-dependent inhibition of SpyCas9 activity. The 
numbers indicate the order in which the samples were added to the enzyme reaction. The experiments were performed three times with similar results. 

Figure 3. AcrIIA28 is a metalloprotein that coordinates Zn 2+ . ( A ) The electron density map around the metal ion binding site of A crIIA28. T he 2Fo-Fc map 
contoured at the 1 σ le v el is shown. The magnified region displayed in panel (B) is indicated by a black-dot square. ( B ) Magnified cartoon of the metal 
binding site of AcrIIA28. Residues that coordinate with the metal ion are labeled. ( C ) LigPlot figure showing the environment of the metal binding site. 
The distances between the metal and each coordinated o xy gen are indicated. ( D ) Table showing the metal ion concentration in AcrIIA28 ( μg / kg) 
analyz ed b y ICP-MS. n.d.: not determined. ( E ) An in vitro anti-CRISPR activity assa y of Zn 2+ remo v ed the sample of A crIIA28 (EDTA). T he numbers 
indicate the order in which the samples were added to the enzyme reaction: one represents the sample added first, and four represents the sample 
added last. In the enzyme reaction, + and – indicate added and not added, respectively. 
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Figure 4. AcrIIA28 directly binds to only SpyCas9 via the REC3 domain. ( A ) Interaction analysis between AcrIIA28 and various Cas9s by SEC followed 
by SDS-PAGE analysis. SDS-PAGE gels are produced by loading one of the main fractions from the Cas9 sample with (+AcrIIA28) or without (-AcrIIA28) 
A crIIA28. T he black arro w indicates the co-migration of A crIIA28 with Cas9. ( B ) Interaction analy sis betw een A crIIA28 and Sp yCas9 b y SEC f ollo w ed b y 
SDS-PAGE analysis. SEC profiles produced by AcrIIA28 (black line), SpyCas9 (blue line), and the mixture of AcrIIA28 and SpyCas9 (red line) are shown. 
SDS-PAGE gels produced by SpyCas9 alone and the mixture of AcrIIA28 and SpyCas9 are provided under the SEC profile. The red dot box on the 
SDS-PAGE gel indicates the co-migrated AcrIIA28 bands. Black lines indicate loaded fractions of SpyCas9 / AcrIIA28 mixture for SDS-PAGE. M indicates 
protein size marker. ( C ) Native PAGE of SpyCas9, AcrIIA28 and SpyCas9 + AcrIIA28 mixture. The red arrow indicates a newly produced band that a 
complex might form. ( D ) Domain organization of SpyCas9. ( E ) Interaction analysis between AcrIIA28 and SpyREC3 domain by SEC. SEC profiles 
produced by AcrIIA28 (black line), SpyREC3 domain (blue line), and the mixture of AcrIIA28 and SpyREC3 domain (red line) are shown. SDS-PAGE gel 
produced by the AcrIIA28 and SpyREC3 domain mixture is provided under the SEC profile. Loaded fractions for SDS-PAGE were indicated by the black 
bar. The black arrow indicated peak movement on the SEC profile. ( F ) ITC experiment showing titration of AcrIIA28 into a SpyREC3 solution. The raw 

calorimetric titration data are shown in the upper panel, and experimental fitting of the data to a single site interaction model is shown in the lo w er panel. 
( G ) An in vitro anti-CRISPR activity assay of AcrIIA28 against SauCas9. Polyacrylamide gels (4%) were stained with SYBR GOLD. The numbers indicate 
the order in which the agents were added to the reaction: one represents the sample added first, and four represents the sample added last. In the 
enzyme reaction, + and – indicate added and not added, respectively. All the experiments for figure 4 were performed three times with similar results. 
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not interact with these domains ( Supplementary Figure S2 ).
However, obvious co-migration was observed with the REC3
domain. In addition, distinct peak movement was detected
for the AcrIIA28 / REC3 mixture sample (Figure 4 E). These
findings suggest that AcrIIA28 and the SpyCas9 REC3 do-
main bind directly. This direct interaction between AcrIIA28
and the REC3 domain was quantitatively analyzed using
isothermal titration calorimetry (ITC). AcrIIA28 (1.2 mM)
was titrated into 100 μM of the REC3 domain with 25 in-
jections for incremental ITC experiments (Figure 4 F). The re-
leased heat agreed with the expected values for an ideal in-
teraction, indicating a single type of binding site without dis-
tinct cooperation in the interaction. Control titrations, per-
formed without REC3, were measured and subtracted from
the experimental titration curve. The resulting dissociation
constants were 243 μM, indicating that AcrIIA28 directly in- 
teracts with SpyCas9 via the REC3 domain with low affin- 
ity. Native PAGE also confirmed the direct interaction be- 
tween AcrIIA28 and the REC3 domains. When AcrIIA28 was 
mixed with REC3 and applied to native PAGE, the main REC3 

peak on the native PAGE was completely absent, and a new 

band was produced just above the main band of AcrIIA28,
indicating that the newly formed band was produced by the 
AcrIIA28 / REC3 complex ( Supplementary Figure S3 ). Over- 
all, these collective findings from the binding assays involv- 
ing SpyCas9 and its individual functional domains strongly 
suggest that the inhibitory effect of AcrIIA28 is achieved 

through a direct interaction with Cas9. Specifically, AcrIIA28 

appears to target the REC3 domain of the SpyCas9 protein 

selectively. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae357#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae357#supplementary-data
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Since AcrIIA28 can interact with only SpyCas9, we won-
ered if AcrIIA28 can inhibit other Cas9s that did not in-
eract with AcrIIA28. To test this, SauCas9 was representa-
ively selected and added to the inhibitory activity test along-
ide AcrIIA28. This test showed that the target DNA cleav-
ge activity of SauCas9 was not inhibited by the addition of
crIIA28, indicating that the direct interaction of AcrIIA28

o Cas9 is critical for the AcrIIA28 function (Figure 4 G). In
ddition, we concluded that AcrIIA28 specifically inhibits the
. pyrogen Cas9. 

iding mode analysis indicated that residues K7, 
45 and S81 in AcrIIA28 are critical for Cas9 

inding 

o gain insights into the interaction mechanisms between
crIIA28 and SpyCas9 via the REC3 domain, docking anal-
sis was conducted using the HDOCK server ( 42 ) to gener-
te a complex AcrIIA28 / Cas9 interaction model. This model
uggested that AcrIIA28 was positioned in the REC3 domain
f SpyCas9, which aligned with the results of the in vitro
nteraction analysis (Figure 5 A). According to the docking
odel, we realized that residues K7, H30, S34, K38, K48, R41,
45 and S81 of AcrIIA28 might be essential for the inter-

ction between AcrIIA28 and the REC3 domain in SpyCas9
Figure 5 B). Based on this analysis, all the analyzed residues
ere individually mutated to K7D, H30W , S34W , K38W ,
41W, W45I, K48D and S81W and each mutant was purified

 Supplementary Figure S4 ), to validate the docking complex
odel. Then, the resulting mutants were analyzed using the

o-migration assay to determine their binding affinity to Spy-
as9. Notably, the K7D, W45I and S81W mutants displayed

ignificantly reduced binding to SpyCas9 compared to the
ild-type AcrIIA28 (Figure 5 C and Supplementary Figure S5 ).
he bar graph depicting the pull-down tendencies of AcrIIA28
nd its mutants further corroborated this finding, confirming
he weakened binding of the K7D, K48D and S81W mutants
o SpyCas9 (Figure 5 D). 

The effect of the protein–protein interface (PPI) disrupted
utants was confirmed by performing interaction tests on

arious PPI-disrupting mutants of AcrIIA28 with the REC3
omain of SpyCas9. This analysis also showed that K7D,
45I, and S81W did not co-migrate with the REC3 do-
ain based on the SEC analysis (Figure 5 E). In contrast,

he last mutants still co-migrated with the REC3 domain
 Supplementary Figure S6 ), indicating that the docking model
ight be accurately predicted and that the PPI residues K7,
45 and S81 of AcrIIA28 are critical in recognizing the REC3

omain of SpyCas9. 

nhibition of Cas9 by AcrIIA28 is significantly 

ependent on the direct interaction 

he postulated mechanism through which AcrIIA28 is inhib-
ted involves its direct interaction with the REC domain of
as9. This hypothesized mechanism was verified using an as-

ay that evaluates the cleavage / inhibition activity, employing
arious AcrIIA28 mutants. The assay was conducted under
tandardized conditions, differing solely in the AcrIIA28 vari-
nt being utilized. In comparison to the wild-type AcrIIA28,
hich effectively hindered target cleavage activity of Cas9, the
utants K7D, W45I and S81W exhibited more pronounced

leaved bands, signifying a reduction in Cas9 inhibition (Fig-
re 6 A and B). Among the three mutants, W45I had the most
dramatic effect, indicating that W45 is the critical residue
for recognizing Cas9 and the inhibitory activity of AcrIIA28.
These observations collectively provide robust substantiation
for the envisioned inhibitory mechanism of AcrIIA28 by un-
derscoring that the confluence of direct binding assumes a piv-
otal role in the capability of AcrIIA28 to counteract the target
DNA cleavage activity of Cas9. 

The proposed scenario of SpyCas9 inhibition by 

AcrIIA28 

Presently, more than 100 distinct anti-CRISPR (Acr) proteins
that inhibit various CRISPR–Cas systems, including type I, II,
III, V and VI, have been identified. Notably, 32 AcrIIA fami-
lies have been discovered using diverse methodologies such as
‘self-targeting’, ‘machine learning’ and others ( 27 , 31 , 51 , 52 ).
AcrIIA proteins exhibit a range of inhibitory mechanisms
against Cas9, which can be categorized into three main strate-
gies: Interference with crRNA loading, prevention of DNA
binding, and blockage of DNA cleavage ( 29 ,53 ). To elucidate
the detailed inhibitory mode of action of AcrIIA28 against
SpyCas9, we used EMSA analysis to determine whether direct
binding of AcrIIA28 to SpyCas9 inhibits the target DNA re-
cruitment into SpyCas9, which is one of the most common
ways for the AcrIIA family to prevent Cas9 activity. Once
the RNP complex was incubated with the target DNA, tar-
get DNA was detected at the upper position by producing a
new band that might be produced by the RNP / DNA com-
plex (Figure 7 A). However, when AcrIIA28 was added to the
RNP complex prior to the addition of the target DNA, the
target DNA failed to produce an RNP / DNA complex band,
thereby indicating that when AcrIIA28 bound to the RNP
complex, it blocked the target DNA from binding to Spy-
Cas9 (Figure 7 A). When target DNA was added to the RNP
complex prior to the addition of AcrIIA28, the RNP / DNA
complex was still produced (Figure 7 B). This indicated that
AcrIIA28 blocks the target DNA from being loaded onto Cas9
and once the RNP / DNA complex was performed, AcrIIA28
could not force the DNA to separate from Cas9. To confirm
our insist, we conducted in vitro cleavage assays, comparing
the inhibitory effect of AcrIIA28 when added before or after
the target DNA. This experiment showed that the inhibitory
activity of AcrIIA28 was observed when added before the tar-
get DNA, whereas its activity was nullified when added after
the target DNA (Figure 7 C and D). This outcome unequiv-
ocally validates our assertion that AcrIIA28 impedes target
DNA binding on Cas9. 

Finally, based on our observations, we concluded that
AcrIIA28 can inhibit the DNA-cleavage activity of SpyCas9
by directly interacting with the REC3 domain, which then can
prevent the target DNA from being loaded into the Cas9 ac-
tive site (Figure 7 E). 

Discussion 

The identification of AcrIIA28 from Streptococcus phage Ja-
van128 and its function as a type IIA anti-CRISPR pro-
tein, which potently inhibits the Cas9, was suggested by
Song and colleagues in 2022 ( 33 ). However, they showed
that the possible function of Acr in AcrIIA28, the molecu-
lar mechanism of AcrIIA28, remains unknown. This study
explored the tentative inhibitory mechanism of AcrIIA28
against Cas9. We solved the crystal structure of AcrIIA28,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae357#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae357#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae357#supplementary-data
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Figure 5. Biding mode analysis indicated that the AcrIIA28 residues K7, W45 and S81 are critical for AcrIIA28 binding to Cas9. ( A ) The docking model of 
A crIIA28 dock ed onto Sp yCas9. Cas9 and dock ed A crIIA28 (orange color) are presented b y surf ace and cartoon models, respectiv ely. ( B ) Analy sis of PPI 
detail from the docking model of A crIIA28 / Sp yCas9 comple x. Four PPI regions are independently magnified. T he residues in v olv ed in the interaction are 
labeled. ( C ) Interaction analysis between SpyCas9 and various tentative PPI-disrupting mutants of AcrIIA28 by SEC followed by SDS-PAGE analysis. 
SDS-PAGE gels produced by loading one of the main fractions from the SpyCas9 sample with wild-type or various mutants are shown. A black arrow 

indicates acrIIA28 mutants that co-migrated with SpyCas9. ( D ) The bar chart shows the quantified intensity of the co-eluted AcrII28 mutants. Data are 
presented as the mean ± standard deviation from three independent experiments. ( E ) Interaction analysis between SpyREC3 and three PPI-disrupting 
mutants (K7D, W45I and S81W) of AcrIIA28 by SEC followed by SDS-PAGE analysis. 

Figure 6. Direct interaction of AcrIIA28 is critical for Cas9 inhibition. ( A ) In vitro target DNA cleavage assay using wild-type Cas9 and various AcrIIA28 
mutants. In vitro anti-CRISPR activity assay using various tentative PPI-disrupting mutants of AcrIIA28. In the enzyme reaction, + and – indicate added 
and not added, respectiv ely. ( B ) Quantitativ e histogram of anti-Cas9 activity of A crIIA28 according to (A). T he inhibitory activit y of wild-t ype A crIIA28 w as 
considered to be 100%. Data are presented as the mean ± standard deviation from three independent experiments. 
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Figure 7. Proposed model of Cas9 inhibition by AcrIIA28. ( A and B ) EMSA analysis of the effect of AcrIIA28 on the binding of target DNA into Cas9. The 
number next to each protein indicates the order in which the proteins were added to form the complex. The red star indicates the band newly produced 
by the RNP / DNA complex. The experiments were performed three times with similar results. ( C and D ) An in vitro anti-CRISPR activity assay was used 
to compare the inhibitory effect of AcrIIA28 when added before (C) or after (D) the target DNA. Polyacrylamide gels (4%) were stained with SYBR 

GOLD. The amount of AcrIIA28 added to the reaction is indicated. The numbers next to the agents used in the experiment indicate the order in which 
agents were added to the reaction: one represents the sample added first, and three represents the sample added last. In the enzyme reaction, + and –
indicate added and not added, respectively. ( E ) Proposed model of Cas9 inhibition by AcrIIA28. 
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omposed of four α-helices with a novel fold, which had cur-
ently not been reported. AcrIIA28 directly interacted with
nly SpyCas9 and specifically inhibited the SpyCas9 activity.
ithin the AcrII family, there are instances where only spe-

ific species of Cas9 are inhibited by certain Acr proteins (such
s AcrIIA4, AcrIIA6, and AcrIIC3) ( 30 , 45 , 46 , 54 ). In contrast,
n other cases, various Cas9 proteins from different bacterial
pecies are targeted (including AcrIIA5, AcrIIA11, AcrIIC1,
crIIC4 and AcrIIC5) ( 45 , 50 , 55 ). The AcrIIA28 used in this

tudy belongs to the former case. The SpyCas9 is one of the
ost widely used Cas effectors in genome engineering, par-

icularly in the context of CRISPR technology ( 11 ,29 ). Spy-
as9 is renowned for its versatility , efficiency , and specificity in

argeting and modifying specific DNA sequences. Researchers
ave developed various versions of SpyCas9 with enhanced
roperties, such as increased specificity, altered PAM require-
ents, or reduced off-target effects, to refine further and ex-
and its applications in genome engineering. 
The mechanisms employed by Acrs to inhibit Cas9 have

een extensively studied and revealed that Acrs utilize diverse
trategies to disrupt Cas9 function, including (i) directly bind-
ng to target DNA or sgRNA, (ii) blocking Cas9 from bind-
ing to target DNA by directly interacting with Cas9 and (iii)
masking the Cas9 cleavage domains by directly interacting
with Cas9 ( 30 , 45 , 46 , 50 , 54 , 55 ). Our investigation found that
AcrIIA28 directly binds to only SpyCas9 proteins, explicitly
targeting the REC3 domain. Although several type II Cas9 in-
hibitors, including AcrIIA4, AcrIIA2, AcrIIC4 and AcrIIC5,
have been identified to prevent Cas9 cleavage by directly bind-
ing to target Cas9, targeting the REC3 domain employed by
our AcrIIA28, was the first case. Despite differences in their
protein structures, AcrIIA4 and AcrIIA2 share a common fea-
ture of interacting with the PI domain in Cas9, thereby ob-
structing the PAM region ( 30 ,49 ). This PAM-blocking strategy
was the most popular in the AcrIIA family, which can directly
bind to Cas9. The REC3 binding Acr is the first reported in
the AcrIIA28 family. 

After Acr binds to Cas9, most Acrs block the target DNA
from being loaded into the Cas9 active site. Several type
II Cas9 inhibitors, including AcrIIA4, AcrIIA2, AcrIIC4 and
AcrIIC5, have been identified to prevent Cas9 cleavage by in-
hibiting target DNA binding. AcrIIA28 also uses the same in-
hibitory strategy to block the loading of target DNA by di-
rectly interacting with Cas9 via the REC3 domain. The bind-
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ing affinity of AcrIIA28 to REC3 was rather modest and we
thought that AcrIIA28 may not require very strong binding to
exert its effects. Our rationale for this is based on the struc-
tural modeling, which revealed that AcrIIA28 forms a very
small protein-protein interaction (PPI) interface between the
REC3, REC1 and RUVC domains. Despite this small inter-
face, AcrIIA28 exhibits a remarkable ability to specifically in-
hibit SpyCas9 activity. It is often the case that very small bind-
ing interfaces do not result in very strong binding. Consider-
ing that Cas9 undergoes dynamic structural changes during
its activation, we hypothesized that AcrIIA28 may have been
designed to bind to these small regions to achieve its func-
tion effectively, even in the presence of structural changes in
Cas9. Therefore, it seems that the small binding interface of
AcrIIA28 may be intentional to allow it to effectively interact
with Cas9, which can modify their structure during activation.

The meaning of the bound Zn 

2+ metal is still enigmatic.
AcrIIA28 is the first Acr that contains the metal in the well-
defined binding site. Our study showed that this metal affected
the activity of AcrIIA28 at the high concentration. Based on
this result, we concluded that proper Zn 

2+ binding was crucial
for the effective inhibition of Cas9 activity. 

An in-depth exploration of the inhibitory mechanism of
Acrs against Cas9 serves a dual purpose: Enhancing compre-
hension of bacterial defense mechanisms and refining the pre-
cision and efficacy of CRISPR–Cas9 technology for genome
editing. A comprehensive elucidation of the molecular under-
pinnings governing the inhibition of Ca9 by AcrIIA28 holds
promise for developing strategies to augment the control and
specificity of CRISPR-mediated gene editing endeavors. 

Data availability 

The coordinate and structural factors have been deposited
into the Research Collaboratory for Structural Bioinformatics
(RCSB) Protein Data Bank (PDB) under the PDB code 8K4M.

Supplementary data 

Supplementary Data are available at NAR Online. 

A c kno wledg ements 

We would like to thank the staff at the 5C beamline of the
Pohang Accelerator Laboratory (Pohang, Korea) for their as-
sistance during data collection. 

Author contributions : H.H.P. designed and supervised the
project. G.U.K. performed all the experiments, including col-
lecting the biochemical and structural data and solving the
structure. H.H.P. and G.U.K. wrote the manuscript. Both au-
thors discussed the results and commented on the manuscript.

Funding 

Basic Science Research Program of the National Research
Foundation of Korea (NRF). Funding for open access charge:
Basic Science Research Program of the National Research
Foundation of Korea (NRF) of the Ministry of Education, Sci-
ence and Technology [NRF-2021R1A2C3003331 to H.H.P.].

Conflict of interest statement 
None declared. 
References 

1. Barrangou, R. , Fremaux, C. , Deveau, H. , Richards, M. , Boyaval, P. , 
Moineau, S. , Romero, D.A. and Horvath, P. (2007) CRISPR provides 
acquired resistance against viruses in prokaryotes. Science , 315 , 
1709–1712.

2. Hille, F. , Richter, H. , Wong, S.P. , Bratovic, M. , Ressel, S. and 
Charpentier,E. (2018) The Bbiology of CRISPR-Cas: backward 
and forward. Cell , 172 , 1239–1259.

3. Sorek, R. , Kunin, V. and Hugenholtz, P. (2008) CRISPR - a 
widespread system that provides acquired resistance against 
phages in bacteria and archaea. Nat. Rev. Microbiol., 6 , 181–186.

4. Malone, L.M. , Birkholz, N. and Fineran, P.C. (2021) Conquering 
CRISPR: how phages overcome bacterial adaptive immunity. Curr.
Opin. Biotechnol., 68 , 30–36.

5. Amitai, G. and Sorek, R. (2016) CRISPR -Cas adaptation: insights 
into the mechanism of action. Nat. Rev. Microbiol., 14 , 67–76.

6. Deltcheva, E. , Chylinski, K. , Sharma, C.M. , Gonzales, K. , Chao, Y.J. , 
Pirzada, Z.A. , Eckert, M.R. , Vogel, J. and Charpentier, E. (2011) 
CRISPR RNA maturation by trans-encoded small RNA and host 
factor RNase III. Nature , 471 , 602.

7. Hille, F. and Charpentier, E. (2016) CRISPR -Cas: biology, 
mechanisms and relevance. Philos. Trans. Roy. Soc. B Biol. Sci., 
371 , 20150496.

8. Marraffini, L.A. and Sontheimer, E.J. (2010) CRISPR interference: 
rNA-directed adaptive immunity in bacteria and archaea. Nat. 
Rev. Genet., 11 , 181–190.

9. Jackson, S.A. , McKenzie, R.E. , Fagerlund, R.D. , Kieper, S.N. , 
Fineran, P.C. and Brouns, S.J. (2017) CRISPR -Cas: adapting to 
change. Science , 356 , 6333.

10. Brouns, S.J. , Jore, M.M. , Lundgren, M. , Westra, E.R. , Slijkhuis, R.J. , 
Snijders, A.P. , Dickman, M.J. , Makarova, K.S. , Koonin, E.V. and van 
der Oost,J. (2008) Small CRISPR RNAs guide antiviral defense in 
prokaryotes. Science , 321 , 960–964.

11. Hsu, P.D. , Lander, E.S. and Zhang, F. (2014) Development and 
applications of CRISPR-Cas9 for genome engineering. Cell , 157 , 
1262–1278.

12. Kim, G.E. , Lee, S.Y. , Birkholz, N. , Kamata, K. , Jeong, J.H. , Kim, Y.G. , 
Fineran, P.C. and Park, H.H. (2022) Molecular basis of dual 
anti-CRISPR and auto-regulatory functions of AcrIF24. Nucleic 
Acids Res., 50 , 11344–11358.

13. Makarova, K.S. , Wolf, Y.I. , Iranzo, J. , Shmakov, S.A. , 
Alkhnbashi, O.S. , Brouns, S.J .J . , Charpentier, E. , Cheng, D. , 
Haft, D.H. , Horvath, P. , et al. (2020) Evolutionary classification of 
CRISPR-Cas systems: a burst of class 2 and derived variants. Nat. 
Rev. Microbiol., 18 , 67–83.

14. Makarova, K.S. , Aravind, L. , Wolf, Y.I. and Koonin, E.V. (2011) 
Unification of Cas protein families and a simple scenario for the 
origin and evolution of CRISPR-Cas systems. Biol. Direct , 6 , 38.

15. Dagdas, Y.S. , Chen, J.S. , Sternberg, S.H. , Doudna, J.A. and Y ildiz, A. 
(2017) A conformational checkpoint between DNA binding and 
cleavage by CRISPR-Cas9. Sci. Adv., 3 , eaao0027.

16. Jiang, F. , Zhou, K. , Ma, L. , Gressel, S. and Doudna, J.A. (2015) 
STRUCTURAL BIOLOGY. A Cas9-guide RNA complex 
preorganized for target DNA recognition. Science , 348 , 
1477–1481.

17. Wilkinson, R.A. , Martin, C. , Nemudryi, A.A. and Wiedenheft, B. 
(2019) CRISPR RNA-guided autonomous delivery of Cas9. Nat. 
Struct. Mol. Biol., 26 , 14–24.

18. Palermo, G. , Miao, Y. , Walker, R.C. , Jinek, M. and McCammon, J.A. 
(2016) Striking Plasticity of CRISPR-Cas9 and Key Role of 
Non-target DNA, as Revealed by Molecular Simulations. ACS 
Cent Sci , 2 , 756–763.

19. Sternberg, S.H. , LaFrance, B. , Kaplan, M. and Doucina, J.A. (2015) 
Conformational control of DNA target cleavage by CRISPR-Cas9. 
Nature , 527 , 110–113.

20. Tang, Y. and Fu, Y. (2018) Class 2 CRISPR / Cas: an expanding 
biotechnology toolbox for and beyond genome editing. Cell 
Biosci., 8 , 59.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae357#supplementary-data


Nucleic Acids Research , 2024, Vol. 52, No. 11 6471 

2

2

 

2  

2

2

2

2

2

2

3
 

3

3

3

3

3

3

3

3

 

 

 

R
©
T
d

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/52/11/6459/7668057 by C

hung-Ang U
niversity user on 25 August 2025
1. Hajizadeh Dastjerdi, A. , Newman, A. and Burgio, G. (2019) The 
expanding class 2 CRISPR toolbox: diversity , applicability , and 
targeting drawbacks. BioDrugs , 33 , 503–513.

2. Shmakov, S. , Abudayyeh, O .O . , Makarova, K.S. , Wolf, Y.I. , 
Gootenberg, J.S. , Semenova, E. , Minakhin, L. , Joung, J. , 
Konermann, S. , Severinov, K. , et al. (2015) Discovery and 
functional characterization of diverse class 2 CRISPR-Cas systems.
Mol. Cell , 60 , 385–397.

3. Landsberger, M. , Gandon, S. , Meaden, S. , Rollie, C. , Chevallereau, A. ,
Chabas, H. , Buckling, A. , Westra, E.R. and van Houte,S. (2018) 
Anti-CRISPR phages cooperate to overcome CRISPR-Cas 
immunity. Cell , 174 , 908.

4. Maxwell,K.L. (2017) The anti-CRISPR story: a battle for survival. 
Mol. Cell , 68 , 8–14.

5. Bondy-Denomy, J. , Pawluk, A. , Maxwell, K.L. and Davidson, A.R. 
(2013) Bacteriophage genes that inactivate the CRISPR / Cas 
bacterial immune system. Nature , 493 , 429–432.

6. Harrington, L.B. , Doxzen, K.W. , Ma, E. , Liu, J .J . , Knott, G.J. , 
Edraki, A. , Garcia, B. , Amrani, N. , Chen, J.S. , Cofsky, J.C. , et al. 
(2017) A broad-spectrum inhibitor of CRISPR-Cas9. Cell , 170 , 
1224–1233.

7. Eitzinger, S. , Asif, A. , Watters, K.E. , Iavarone, A.T. , Knott, G.J. , 
Doudna, J.A. and Minhas, F.U.A. (2020) Machine learning predicts 
new anti-CRISPR proteins. Nucleic Acids Res. , 48 , 4698–4708. 

8. Bondy-Denomy, J. , Davidson, A.R. , Doudna, J.A. , Fineran, P.C. , 
Maxwell, K.L. , Moineau, S. , Peng, X. , Sontheimer, E.J. and 
Wiedenheft,B. (2018) A unified resource for tracking anti-CRISPR 

names. Crispr Journal , 1 , 304–305.
9. Dong, D. , Guo, M.H. , Wang, S.H. , Zhu, Y .W . , Wang, S. , Xiong, Z. , 

Yang, J.Z. , Xu, Z.L. and Huang, Z.W. (2017) Structural basis of 
CRISPR-SpyCas9 inhibition by an anti-CRISPR protein. Nature , 
546 , 436.

0. Yang, H. and Patel, D.J. (2017) Inhibition mechanism of an 
anti-CRISPR suppressor AcrIIA4 targeting SpyCas9. Mol. Cell , 67 ,
117.

1. Uribe, R.V. , van der Helm, E. , Misiakou, M.A. , Lee, S.W. , Kol, S. and 
Sommer,M.O.A. (2019) Discovery and characterization of Cas9 
inhibitors disseminated across seven bacterial phyla. Cell Host 
Microbe , 25 , 233–241.

2. Pawluk, A. , Amrani, N. , Zhang, Y. , Garcia, B. , Hidalgo-Reyes, Y. , 
Lee, J.Y. , Edraki, A. , Shah, M. , Sontheimer, E.J. , Maxwell, K.L. , et al. 
(2016) Naturally occurring off-switches for CRISPR-Cas9. Cell , 
167 , 1829.

3. Song, G. , Zhang, F. , T ian, C. , Gao, X. , Zhu, X. , Fan, D. and T ian, Y. 
(2022) Discovery of potent and versatile CRISPR-Cas9 inhibitors 
engineered for chemically controllable genome editing. Nucleic 
Acids Res., 50 , 2836–2853.

4. Otwinowski,Z. (1990) In: DENZO data processing package . Yale 
University, CT.

5. Sammito, M. , Millan, C. , Frieske, D. , Rodriguez-Freire, E. , 
Borges, R.J. and Uson, I. (2015) ARCIMBOLDO_LITE: 
single-workstation implementation and use. Acta. Crystallogr. D 

Biol. Crystallogr., 71 , 1921–1930.
6. McCoy,A.J. (2007) Solving structures of protein complexes by 

molecular replacement with Phaser. Acta. Crystallogr. D Biol. 
Crystallogr., 63 , 32–41.

7. Thorn, A. and Sheldrick, G.M. (2013) Extending 
molecular-replacement solutions with SHELXE. Acta. Crystallogr. 
D Biol. Crystallogr., 69 , 2251–2256.

8. Emsley, P. and Cowtan, K. (2004) Coot: model-building tools for 
molecular graphics. Acta. Crystallogr. D Biol. Crystallogr., 60 , 
2126–2132.
eceived: February 25, 2024. Revised: April 15, 2024. Editorial Decision: April 16, 2024. Accepted: A
The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research. 

his is an Open Access article distributed under the terms of the Creative Commons Attribution Lice
istribution, and reproduction in any medium, provided the original work is properly cited. 
39. Adams, P.D. , Afonine, P.V. , Bunkoczi, G. , Chen, V.B. , Davis, I.W. , 
Echols, N. , Headd, J .J . , Hung, L.W. , Kapral, G.J. , 
Grosse-Kunstleve, R.W. , et al. (2010) PHENIX: a comprehensive 
Python-based system for macromolecular structure solution. Acta. 
Crystallogr. D Biol. Crystallogr., 66 , 213–221.

40. Chen, V.B. , Arendall, W.B. , Headd, J .J . , Keedy, D.A. , 
Immormino, R.M. , Kapral, G.J. , Murray, L.W. , Richardson, J.S. and 
Richardson,D.C. (2010) MolProbity: all-atom structure validation 
for macromolecular crystallography. Acta. Crystallogr. D Biol. 
Crystallogr., 66 , 12–21.

41. DeLano, W.L. and Lam, J.W. (2005) PyMOL: a communications 
tool for computational models. Abstr. Pap. Am. Chem. S , 230 , 
U1371–U1372.

42. Yan, Y. , Tao, H. , He, J. and Huang, S.Y. (2020) The HDOCK server 
for integrated protein-protein docking. Nat. Protoc., 15 , 
1829–1852.

43. Jumper, J. , Evans, R. , Pritzel, A. , Green, T. , Figurnov, M. , 
Ronneberger, O. , Tunyasuvunakool, K. , Bates, R. , Zidek, A. , 
Potapenko, A. , et al. (2021) Highly accurate protein structure 
prediction with AlphaFold. Nature , 596 , 583–589.

44. Holm, L. and Sander, C. (1995) Dali: a network tool for protein 
structure comparison. Trends Biochem. Sci. , 20 , 478–480. 

45. Zhu, Y.L. , Gao, A. , Zhan, Q. , Wang, Y. , Feng, H. , Liu, S.Q. , Gao, G.X. , 
Serganov, A. and Gao, P. (2019) Diverse mechanisms of 
CRISPR-Cas9 inhibition by Type IIC anti-CRISPR proteins. Mol. 
Cell , 74 , 296.

46. Fuchsbauer, O. , Swuec, P. , Zimberger, C. , Amigues, B. , Levesque, S. , 
Agudelo, D. , Duringer, A. , Chaves-Sanjuan, A. , Spinelli, S. , 
Rousseau, G.M. , et al. (2019) Cas9 allosteric inhibition by the 
anti-CRISPR protein AcrIIA6. Mol. Cell , 76 , 922.

47. Hwang, S. , Pan, C. , Garcia, B. , Davidson, A.R. , Moraes, T.F. and 
Maxwell,K.L. (2022) Structural and mechanistic insight into 
CRISPR-Cas9 inhibition by anti-CRISPR protein AcrIIC4(Hpa). J. 
Mol. Biol., 434 , 167420.

48. Liu, H. , Zhu, Y. , Lu, Z. and Huang, Z. (2021) Structural basis of 
Staphylococcus aureus Cas9 inhibition by AcrIIA14. Nucleic Acids
Res., 49 , 6587–6595.

49. Liu, L. , Y in, M. , Wang, M. and Wang, Y. (2019) Phage AcrIIA2 DNA
mimicry: structural basis of the CRISPR and anti-CRISPR arms 
race. Mol. Cell , 73 , 611–620.

50. Sun, W. , Zhao, X. , Wang, J. , Yang, X. , Cheng, Z. , Liu, S. , Wang, J. , 
Sheng, G. and Wang, Y. (2023) Anti-CRISPR AcrIIC5 is a dsDNA 

mimic that inhibits type II-C Cas9 effectors by blocking PAM 

recognition. Nucleic Acids Res. , 51 , 1984–1995. 
51. Rauch, B.J. , Silvis, M.R. , Hultquist, J.F. , Waters, C.S. , McGregor, M.J. ,

Krogan, N.J. and Bondy-Denomy, J. (2017) Inhibition of 
CRISPR-Cas9 with bacteriophage proteins. Cell , 168 , 150–158.

52. Hynes, A.P. , Rousseau, G.M. , Lemay, M.L. , Horvath, P. , 
Romero, D.A. , Fremaux, C. and Moineau, S. (2017) An 
anti-CRISPR from a virulent streptococcal phage inhibits 
Streptococcus pyogenes Cas9. Nat. Microbiol., 2 , 1374–1380.

53. Mahendra, C. , Christie, K.A. , Osuna, B.A. , Pinilla-Redondo, R. , 
Kleinstiver, B.P. and Bondy-Denomy, J. (2020) Author correction: 
broad-spectrum anti-CRISPR proteins facilitate horizontal gene 
transfer. Nat. Microbiol., 5 , 872.

54. Kim, Y. , Lee, S.J. , Yoon, H.J. , Kim, N.K. , Lee, B.J. and Suh, J.Y. (2019) 
Anti-CRISPR AcrIIC3 discriminates between Cas9 orthologs via 
targeting the variable surface of the HNH nuclease domain. FEBS 
J., 286 , 4661–4674.

55. Lee, J. , Mir, A. , Edraki, A. , Garcia, B. , Amrani, N. , Lou, H.E. , 
Gainetdinov, I. , Pawluk, A. , Ibraheim, R. , Gao, X.D. , et al. (2018) 
Potent Cas9 inhibition in bacterial and human cells by AcrIIC4 

and AcrIIC5 anti-CRISPR proteins. mBio , 9 , e02321-18.

pril 23, 2024 

nse (https: // creativecommons.org / licenses / by / 4.0 / ), which permits unrestricted reuse, 


	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

