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The CRISPR-Cas system is a well-known adaptive immune system in bacteria, and 
a prominent mechanism for evading this immunity involves anti-CRISPR (Acr) pro-
teins, which employ various methods to neutralize the CRISPR-Cas system. In this 
study, using structural and biochemical analyses, we revealed that AcrIE7 binds to the 
single-stranded DNA in the R-loop formed when Cascade encounters the target DNA, 
thereby preventing Cas3 from cleaving the DNA. This represents a different inhibition 
strategy distinct from previously reported Acr mechanisms and offers insights into 
CRISPR-Cas inhibition.
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 In bacteria and archaea, CRISPR loci and the associated CRISPR-associated (Cas) proteins 
form a defense system (CRISPR-Cas) against invading nucleic acids ( 1 ). One of the key 
areas of research in CRISPR-Cas biology is the regulation of these systems, which includes 
anti-CRISPR (Acr) proteins ( 2 ). Acr proteins are small, naturally occurring inhibitors 
produced by bacteriophages to counteract the CRISPR-Cas immune defense ( 3 ). By 
binding to and inhibiting specific Cas proteins, Acrs help phages evade destruction, estab-
lishing a dynamic evolutionary arms race between bacterial defense and phage counter-
measures ( 2 ). To date, several classes of Acr proteins have been identified, each displaying 
distinct inhibitory mechanisms ( 2 ,  4 ,  5 ). Acrs inhibit CRISPR-Cas systems by blocking 
DNA/RNA binding (AcrIIA2) ( 6 ), preventing guide RNA association (AcrIIA1) ( 7 ), 
disrupting complex assembly (AcrIF25) ( 8 ), or recruiting host proteases for degradation 
(AcrIIC3) ( 9 ).

 AcrIE7 is one such anti-CRISPR protein that inhibits the type I-E CRISPR-Cas system 
( 10 ). This Acr was identified as one of the seven novel genes located upstream of the aca1 
gene in the Pseudomonas  genome ( 10 ). The type I-E CRISPR-Cas system employs the 
CRISPR-associated complex for antiviral defense (Cascade complex) to identify and 
degrade foreign DNA, with the nuclease-helicase Cas3 being essential for DNA degra-
dation ( 10 ). The two main mechanisms by which the AcrIE family inhibits the CRISPR 
system are well known: the first involves direct binding to the Cascade complex, as seen 
with AcrIE2 and AcrIE3 ( 11 ), and the second involves binding to Cas3 to inhibit its 
activity, as seen with AcrIE1 ( 12 ). However, the inhibition mechanisms of other AcrIE 
family members, including AcrIE7, remain unknown. Therefore, in this study, we aimed 
to determine the mechanism by which AcrIE7 inhibits the CRISPR-Cas system. 

Results and Discussion

 To investigate how AcrIE7 inhibits the CRISPR-Cas system, we determined its structure, 
revealing a seven-helix helical bundle fold ( Fig. 1 A  and B  ). Significant differences were 
observed between the experimentally determined structure and the AlphaFolds (AF2 
and AF3) predicted model ( Fig. 1 C  and D  ). AcrIE7 is a rare case wherein the experi-
mental structure deviates substantially from the predicted model. DALI analysis iden-
tified structural homologs with low similarity ( Fig. 1E  ), suggesting that AcrIE7 represents 
a unique fold.        

 We analyzed the surface electrostatic properties of AcrIE7 and found that two distinct 
basic patches were clearly identified ( Fig. 1F  ). As basic patches can be used for nucleic 
acid binding, we analyzed whether AcrIE7 directly binds to either double-stranded DNA 
(dsDNA) or single-stranded DNA (ssDNA) using an electrophoretic mobility shift assay 
(EMSA). The results show that AcrIE7 does not bind to dsDNA but does bind to ssDNA, 
resulting in the formation of an AcrIE7/ssDNA complex band ( Fig. 1G  ). Interestingly, 
AcrIE7 itself was stained with the nucleic acid dye ( Fig. 1G  ). The MALS analysis revealed 
a measured molecular weight of 13.9 kDa, which was close to the calculated molecular 
weight of AcrIE7, 13.0 kDa ( Fig. 1H  ). Based on these results, we confirmed that AcrIE7 
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exists as a monomer in solution. Therefore, we conclude that 
AcrIE7 is a monomeric ssDNA-binding protein.

 To analyze AcrIE7–ssDNA binding, we performed HDOCK 
docking ( Fig. 1I  ), identifying two basic patches potentially 
involved in ssDNA binding. To validate this model, we mutated 
key residues to tryptophan and assessed binding via EMSA. The 
results showed that the wild-type AcrIE7 clearly bound to ssDNA. 
In contrast, the negative control AcrIIA13b, which does not bind 
ssDNA ( 13 ), and the mutants K6W and R49W did not induce 
an upper shift in the ssDNA band, indicating that these mutants 
could not bind to ssDNA ( Fig. 1J  ). For the K17W and R95W 
mutants, an upper shift in the DNA-binding band was observed; 
however, the positions of these bands differed from those of the 
wild-type AcrIE7 ( Fig. 1J  ). Based on these results, we conclude 
that the first basic patch, consisting of K6 and R49, plays a crucial 
role in the binding of AcrIE7 to ssDNA.

 To investigate how AcrIE7 binds to ssDNA and potentially 
inhibits the CRISPR-Cas system, we synthesized FAM-labeled 
ssDNA ( Fig. 2A  ). As reported in previous studies, ssDNA is effi-
ciently cleaved by Cas3 ( 14 ). In our system, FAM-labeled ssDNA 
was cleaved in the presence of Cas3 ( Fig. 2B  ) and effectively bound 
to AcrIE7 ( Fig. 2C  ). To test whether AcrIE7 affects Cas3-mediated 
ssDNA cleavage, we examined cleavage in its presence. When 
AcrIE7 was preincubated or added simultaneously with Cas3, 
ssDNA cleavage was inhibited ( Fig. 2D  ). However, inhibition 
alone did not confirm direct ssDNA binding by AcrIE7, as no 
upper shift was observed in PAGE. We hypothesized that SDS in 
the stop solution disrupted AcrIE7–ssDNA binding, leaving only 
unbound, noncleaved ssDNA detectable. Repeating the assay 
without SDS revealed a concentration-dependent AcrIE7–ssDNA 

complex band, confirming direct binding and protection from 
Cas3 cleavage ( Fig. 2E  ). To verify that ssDNA binding is essential 
for inhibition, we tested nonbinding mutants (K6W, R49W). 
These mutants failed or showed reduced ability to inhibit 
Cas3-mediated cleavage ( Fig. 2F  ). These findings confirm that 
AcrIE7 inhibits Cas3 by directly binding to ssDNA.        

 Finally, we investigated whether AcrIE7 could inhibit NTS 
cleavage in the presence of the complete CRISPR-Cas system, 
including the Cascade. For this experiment, we synthesized 
FAM-labeled NTS and unlabeled TS, then annealed them to 
produce dsDNA with fluorescence on NTS only ( Fig. 2G  ). As 
AcrIC and AcrIE often inhibit both Type I-C and Type I-E 
CRISPR-Cas systems ( 15 ), we used the available Type I-C Cascade 
in this study. We first confirmed that in the presence of the 
Cascade alone, the crRNA-R-loop was formed between the TS 
and NTS of dsDNA. The small size of our 42-bp TS/NTS dsDNA 
led to partial separation of the TS and NTS, resulting in visible 
labeled NTS ssDNA ( Fig. 2H  ). When Cas3 was added, the NTS 
ssDNA band weakened due to cleavage, but AcrIE7 inhibited 
cleavage in a concentration-dependent manner ( Fig. 2H  ). These 
results indicate that AcrIE7 binds NTS ssDNA generated by 
Cascade and prevents its cleavage by Cas3 within the complete 
CRISPR-Cas system. Finally, we tested mutants with reduced 
ssDNA-binding affinity. As expected, their ability to protect NTS 
ssDNA was significantly lower than that of wild-type AcrIE7 
( Fig. 2I  ). These results allow us to suggest that AcrIE7 might bind 
to NTS ssDNA generated by R-loop formation in the CRISPR-Cas 
system, thereby inhibiting Cas3 activity and functioning as an 
anti-CRISPR protein ( Fig. 2J  ). If AcrIE7 inhibits by binding  
to the R-loop ssDNA, the question remains as to how it can 

Fig. 1.   The overall structure and ssDNA binding capability of AcrIE7. (A) A ribbon diagram of AcrIE7. (B) Topology diagram of the AcrIE7 structure. (C and D) 
Comparison of AcrIE7 crystal structure with AlphaFold2 (AF2) and AlphaFold3 (AF3) prediction. (E) Summary of the DALI search results. (F) Electrostatic surface 
representation of AcrIE7. (G) EMSA for detecting the binding of AcrIE7 with nucleic acids. (H) MALS profile from the SEC peak (I) Model of the AcrIE7/ssDNA 
complex. (J) EMSA to detect the interaction between various AcrIE7 mutants and ssDNA.
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specifically inhibit only the Type I-E/I-C systems. From this per-
spective, the possibility remains that the AcrIE7 preferentially 
interacts with ssDNA exposed by the R-loop due to additional 
interactions with specific Type I-E/I-C Cascades. Based on our 
experimental results, we proposed a model in which AcrIE7 binds 
to the ssDNA exposed by R-loop formation, preventing Cas3 
from cleaving the DNA. However, we have not directly confirmed 
that AcrIE7 binds to ssDNA within the Cascade system. Such 
confirmation would be an important future research topic to fur-
ther clarify our model. Although further research is required to 
understand the evolutionary and specific benefits of this inhibition 
strategy, it represents an intriguing addition to the repertoire of 
Acr-mediated CRISPR-Cas inhibition.  

Methods

The structure of AcrIE7 was solved by Sel-MET SAD phasing. For EMSA, reactions 
were prepared with either AcrIE7 or mutant AcrIE7, combined with 42 bp dsDNA 
or 42 bp ssDNA. The ssDNA cleavage inhibition assay was conducted by incubating 
AcrIE7 or its mutants with 50 nM 6-FAM-labeled ssDNA. The detail methods are 
described in SI Appendix.

Data, Materials, and Software Availability. The coordinate and structure fac-
tor have been deposited into the Protein Data Bank under the code of 9KJB (16). 
All study data are included in the article and/or SI Appendix.
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Fig. 2.   AcrIE7 inhibits the CRISPR-Cas system by directly binding to R-loop single-strand DNA. (A) Sequence of the FAM-labeled NTS used as ssDNA. Red color 
and yellow highlight indicate the PAM and spacer sequence, respectively. (B) Cas3 activity assay. (C) Representative EMSA with AcrIE7 using FAM-labeled ssDNA 
as a substrate. (D) In vitro AcrIE7 activity assay in the absence of Cascade. (E) The same experiment as in (D), including reaction samples with SDS omitted from 
the stop solution. (F) In vitro AcrIE7 activity assay in the absence of Cascade with the indicated AcrIE7 mutants using ssDNA as the substrate. (G) Sequence of 
NTS-labeled dsDNA. (H) In vitro AcrIE7 activity assay in the presence of Cascade. (I) In vitro AcrIE7 activity assay in the presence of Cascade with the indicated 
AcrIE7 mutants using dsDNA as a substrate. (J) Tentative model for AcrIE7-based inhibition of the CRISPR-Cas system.
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