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The CRISPR and Cas systems are widespread adaptive immune 
systems in prokaryotes used to combat invading mobile 
genetic elements (MGEs), including viruses and plasmids. 

These systems use RNA-guided effector endonucleases to specifi-
cally recognize and cleave foreign DNAs and have been developed 
as tools for genome editing applications. The class 1 CRISPR–Cas 
systems (types I, III and IV) employ multi-protein effector com-
plexes to cleave foreign nucleic acids, whereas the class 2 systems 
(types II, V and VI) use a single multi-domain Cas effector1,2.

However, MGEs evolved anti-CRISPR (Acr) proteins to inhibit 
the CRISPR–Cas systems. Since the discovery of the first Acr pro-
teins (AcrIF1–5) in 2013 (ref. 3), a total of 24 Acr protein families 
have been reported to inactivate type I-F CRISPR–Cas systems in 
Pseudomonas aeruginosa3–6. The type I-F systems contain a surveil-
lance complex (the Csy complex) that is composed of four Cas pro-
teins (Cas5f, Cas6f, Cas7f and Cas8f in a stoichiometry of 1:1:6:1) and 
a 60-nucleotide (nt) CRISPR RNA (crRNA) that integrates all these 
protein subunits7–11. Target DNA recognition and R-loop formation 
induce conformational changes in Csy, enabling Cas8f to recruit the 
Cas2/3 nuclease for degradation of invading MGEs10. Many AcrIF 
proteins inhibit the type I-F system by blocking target DNA rec-
ognition by Csy, such as AcrIF1 (refs. 7,8), AcrIF2 (refs. 7–9), AcrIF6  
(ref. 12), AcrIF7 (ref. 13), AcrIF8 (ref. 12), AcrIF9 (refs. 11,12,14), AcrIF10 
(ref. 8) and AcrIF14 (refs. 13,15). AcrIF3 adopts a similar structure 
to the C-terminal helical bundle of Cas8f (Cas8fHB), competitively 
binding to the Cas2/3 nuclease and preventing its recruitment to 
Csy10,16. AcrIF11 inactivates Csy by specifically ADP-ribosylating 
a key residue (N250 of Cas8f), preventing the recognition of the 
protospacer adjacent motif (PAM) of target DNA17. AcrIF4 binds to 
the Cas8fHB and precludes the conformational changes required for 
activation of Csy13; it is also shown to inhibit DNA binding in vivo18.

AcrIF24 was recently discovered from a P. aeruginosa pro-
phage and is the largest AcrIF protein (228 amino acids) to 
date6. Another acr gene (acrIF23) is found upstream of acrIF24,  

making an acrIF23-acrIF24 operon that is activated by a single 
promoter. Usually, acr genes are found upstream of a conserved 
anti-CRISPR-associated (aca) gene, which encodes an Aca protein 
that functions as a repressor of the acr-aca operon19,20. Without 
Aca activity, the strong transcription driven by an acr-associated 
promoter is lethal to a phage19. However, the acrIF23-acrIF24 
operon is not associated with an aca gene (Extended Data Fig. 1a). 
Interestingly, the C-terminus of AcrIF24 contains an HTH domain 
that is conserved in Aca proteins, indicative of a role also as an Aca 
protein6.

In this study, we elucidated the mechanisms for the dual function 
of AcrIF24, combining cryogenic electron microscopy (cryo-EM) 
and biochemical analysis. Our results reveal that AcrIF24 is a dimer 
that binds directly to Csy and prevents the hybridization between 
target DNA and crRNA. Furthermore, AcrIF24 binds tightly to the 
acrIF23-acrIF24 promoter DNA and is capable of acting as a tran-
scriptional repressor.

Results
AcrIF24 directly binds to Csy, whereas AcrIF23 does not. We first 
tested the function of AcrIF24 and AcrIF23 using an in vitro DNA 
cleavage assay17. AcrIF24 can fully inhibit substrate DNA cleavage 
by Cas2/3 at a 1:1 molar ratio between AcrIF24 and Csy (Extended 
Data Fig. 1b,c). In comparison, AcrIF23 shows full inhibition at a 
much lower molar ratio (Extended Data Fig. 1b,c). Electrophoresis 
mobility shift assay (EMSA) results suggest that AcrIF24 blocks 
both the formation of the Csy–DNA complex and recruitment of 
Cas2/3 nuclease, whereas AcrIF23 does not affect either DNA or 
Cas2/3 recruitment (Extended Data Fig. 1d–f). Size-exclusion 
chromatography also showed that AcrIF24 directly binds to Csy 
(Extended Data Fig. 2a).

Overall structure of Csy–AcrIF24. To understand the inhibi-
tion mechanism of AcrIF24, we determined the structure of the  

Structural basis of AcrIF24 as an anti-CRISPR 
protein and transcriptional suppressor
Indranil Arun Mukherjee1, Clinton Gabel   1, Nicholas Noinaj   1, Joseph Bondy-Denomy   2,3,4  
and Leifu Chang   1,5 ✉

Anti-CRISPR (Acr) proteins are encoded by phages to inactivate CRISPR–Cas systems of bacteria and archaea and are used 
to enhance the CRISPR toolbox for genome editing. Here we report the structure and mechanism of AcrIF24, an Acr protein 
that inhibits the type I-F CRISPR–Cas system from Pseudomonas aeruginosa. AcrIF24 is a homodimer that associates with two 
copies of the surveillance complex (Csy) and prevents the hybridization between CRISPR RNA and target DNA. Furthermore, 
AcrIF24 functions as an anti-CRISPR-associated (Aca) protein to repress the transcription of the acrIF23-acrIF24 operon. Alone 
or in complex with Csy, AcrIF24 is capable of binding to the acrIF23-acrIF24 promoter DNA with nanomolar affinity. The struc-
ture of a Csy–AcrIF24–promoter DNA complex at 2.7 Å reveals the mechanism for transcriptional suppression. Our results 
reveal that AcrIF24 functions as an Acr-Aca fusion protein, and they extend understanding of the diverse mechanisms used by  
Acr proteins.

NAtuRe CheMICAL BIoLoGy | VOL 18 | DeCeMBeR 2022 | 1417–1424 | www.nature.com/naturechemicalbiology 1417

mailto:lchang18@purdue.edu
http://orcid.org/0000-0003-1681-436X
http://orcid.org/0000-0001-6361-2336
http://orcid.org/0000-0002-4909-9481
http://orcid.org/0000-0002-6107-5271
http://crossmark.crossref.org/dialog/?doi=10.1038/s41589-022-01137-w&domain=pdf
http://www.nature.com/naturechemicalbiology


Articles Nature ChemiCal Biology

Csy–AcrIF24 complex using single-particle cryo-EM (Fig. 1, 
Extended Data Fig. 3 and Supplementary Table 1). We observed two 
populations of the Csy–AcrIF24 complex: AcrIF24 dimer bound 
to one copy of Csy (Csy–AcrIF24; ~91% of total particles) and two 
copies of Csy (Csy–AcrIF24 dimer; ~9% of total particles), deter-
mined at 3.2 Å and 3.5 Å resolutions, respectively (Extended Data 
Fig. 3). The cryo-EM maps were of sufficient quality for building 
the atomic model of AcrIF24 de novo and rebuilding the compo-
nents in Csy (Protein Data Bank (PDB): 7JZW)13. Csy does not 
show major conformational changes upon binding to AcrIF24 
(PDB: 6B45)8. In brief, Csy is composed of a Cas6f ‘head’, a Cas8f–
Cas5f ‘tail’ and a ‘backbone’ of six copies of Cas7f, integrated by 
crRNA (Fig. 1a,b). An AcrIF24 dimer binds to the middle region 
of the Cas7f ‘backbone’, with direct contacts to multiple Cas7 
subunits. The AcrIF24 dimer is capable of dimerizing Csy in a 
‘back-to-back manner’, placing the Cas6f ‘heads’ at both ends of the  
assembly (Fig. 1c,d).

Structure of AcrIF24. The AcrIF24 monomer contains three 
domains including an N-terminal domain (NTD, amino acids 1–71), 
a middle domain (MID, amino acids 72–138) and a C-terminal 
HTH domain (HTH, amino acids 139–228) (Fig. 2a and Extended 
Data Fig. 4a,b). The NTD is composed of an anti-parallel β-sheet 
capped by a helix in a β1β2β3β4α1 topology (Fig. 2a). A DALI search 

reveals that the NTD is structurally similar to an auxiliary protein 
of methane monooxygenase hydroxylase (MMOD)21 (PDB: 6D7K; 
Z-score 6.5) (Extended Data Fig. 4c). The MID domain contains a 
beta-sheet (β6β5β7β8) followed by α2, with a long loop between β6 
and β7 (amino acids 91–109). However, no structural homology of 
the MID domain was found in a DALI search. HTH is composed of 
five short helices (α3–α7) and contacts the NTD through hydropho-
bic interactions (Extended Data Fig. 4d). A DALI search reveals that 
this domain shares a similar structure with anti-CRISPR-associated 
protein 1 (Aca1) (Z-score 8.0; PDB: 7VJN) (Extended Data  
Fig. 4e)22. In vitro DNA cleavage and EMSA assays with domain 
deletion mutants suggest that the MID and HTH domains are nec-
essary, and that the NTD or HTH are not sufficient for inhibition of 
DNA cleavage and association between AcrIF24 and Csy (Fig. 2b,c 
and Extended Data Figs. 2b and 5a,b).

The cryo-EM structures show that AcrIF24 exists as a dimer 
in the Csy–AcrIF24 complex. To study the stoichiometry of only 
AcrIF24 in solution, we used in-line size-exclusion chromatogra-
phy small-angle X-ray scattering (SEC-SAXS). AcrIF24 (theoreti-
cal mass 25 kDa) eluted as a single peak from SEC with the SAXS 
analysis showing that AcrIF24 is a dimer with an experimentally 
estimated molecular weight of 56 kDa (Extended Data Fig. 6a,b). 
Furthermore, Rg and Dmax values are consistent with a dimer for 
AcrIF24 (Extended Data Fig. 6c). A cryo-EM reconstruction of 
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AcrIF24 also supports that AcrIF24 in solution is a dimer (Extended 
Data Fig. 3e). We also performed SEC-SAXS analysis for AcrIF23 
and found that AcrIF23 exists in a monomeric state in solution 
(Extended Data Fig. 6d–f).

The dimerization interface of AcrIF24 lies at the MID–MID 
and the HTH–HTH interfaces of the two monomers with a buried 
surface area of 1,132 Å2 (Fig. 2d). The MID–MID interface (buried 
surface 485 Å2) is mediated primarily by hydrophobic interactions 
between helix α2 from two protomers. Specifically, sidechains of 
L86, L125 and Y128 form a hydrophobic patch at the N-terminal 
end of the helices (Fig. 2e and Extended Data Fig. 4f). Substitution 
of any of these residues to alanine or glutamic acid significantly 
alleviates AcrIF24-mediated inhibition of substrate cleavage in the 
in vitro cleavage assay (Fig. 2f and Extended Data Figs. 2c and 5c). 
V133 at the C-terminal end of α2 likely augments the interaction, 
but substitution to glutamic acid showed no detectable effect in the 
in vitro cleavage assay (Fig. 2f). EMSA results suggest that wild-type 
AcrIF24 prevents the formation of the Csy–DNA complex, but 
mutant AcrIF24 (for example, L86E, L125E and Y128A) did so less 
efficiently (Fig. 2g and Extended Data Fig. 5d). Taken together, the 
hydrophobic patch at the N-terminal end of α2 is critical for the 
function of AcrIF24.

The HTH–HTH dimerization interface (buried surface 624 Å2) 
is primarily stabilized by interactions between helix α7 of both 
AcrIF24s (Fig. 2h and Extended Data Fig. 4g). Y217, located in 
the middle of the helix, is critical for the Acr function of AcrIF24. 

Alanine substitution of Y217 almost completely abolished the 
AcrIF24-mediated inhibition in in vitro cleavage assays (Fig. 2f 
and Extended Data Figs. 2c and 5c). A quadruple mutant contain-
ing alanine substitutions of Y217 and bulky residues flanking Y217 
(H154A/H216A/Y217A/R221A) showed no detectable inhibition 
mediated by AcrIF24 (Fig. 2f and Extended Data Figs. 2c and 5c). 
The SEC-SAXS and MALS data suggest that this quadruple mutant 
fails to form a dimer (Extended Data Fig. 6g,h). In the presence 
of this quadruple mutant, DNA binding to Csy is restored in the 
EMSA assay (Fig. 2g and Extended Data Fig. 5d). Together, these 
results illustrate that AcrIF24 functions as a dimer and prevents tar-
get DNA binding to Csy.

Interactions between AcrIF24 and Csy. Both the NTD and MID 
domains directly contact the Cas7 ‘backbone’ of Csy, and the inter-
actions would block the hybridization between the target DNA and 
crRNA (Fig. 3a,b). The NTD of AcrIF24 primarily engages with 
the thumb domain of Cas7.6f and a loop of Cas7.5f (residues 236–
276) through main chain interactions (Fig. 3c and Extended Data 
Fig. 4h). The β2-β3 loop (16-RGLHYGGLP-24) forms three main 
chain hydrogen bonds with the thumb domain of Cas7.6f (Fig. 3c). 
Replacement of the loop with a GSGS linker significantly reduced 
the AcrIF24 inhibition in the in vitro cleavage assay (Fig. 3d and 
Extended Data Figs. 2c and 5e). In addition, β4 forms a pair of 
hydrogen bonds with a loop (residues 236–276) of the palm domain 
of Cas7.5f (Fig. 3c).
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The MID domain of AcrIF24 interacts with the palm domains 
of Cas7.2f and Cas7.3f and the thumb domain of Cas7.4f mainly 
through the long β6-β7 loop (Fig. 3e and Extended Data Fig. 4i). 
Specifically, the N-terminus of the loop (92-SRLPEA-97) interacts 
with Cas7.3f and Cas7.4f, with the C = O group of L94 forming a 
hydrogen bond with the sidechain of D82 and E96 establishing 
a salt bridge with K318, respectively. Replacement of the 92–97 
loop with a GSGS linker reduced AcrIF24 function in the in vitro 
cleavage assay (Fig. 3d and Extended Data Figs. 2c and 5e).  
The C-terminus of the loop (104–107) engages Cas7.2f, with 
a salt bridge formed between D105 of the β5-β6 loop and R333 
of Cas7.2f. Alanine substitution of the 104–107 region caused 
impaired inhibition capacity of AcrIF24 (Fig. 3d and Extended 
Data Figs. 2c and 5e). In addition to the long β6-β7 loop, the 
β7-β8 loop also contacts Cas7.2f, with R118 of the loop form-
ing salt bridges with E357 of Cas7.2f; alanine substitution also 
caused impaired inhibition capabilities of AcrIF24 (Fig. 3d,e and 
Extended Data Figs. 2c and 5e). EMSA data using wild-type and 
mutant variants of AcrIF24 suggest that AcrIF24 inhibits Csy by 
preventing the formation of the Csy–DNA complex (Fig. 3f and 
Extended Data Fig. 5f).

Csy–AcrIF24 binds DNA independent of the spacer sequence. 
Our EMSA data show that, in the presence of wild-type AcrIF24, 
although the formation of the Csy–DNA complex is prevented, a 
new band at a higher molecular weight is observed (Extended Data 
Fig. 1d), indicative of the formation of a Csy–AcrIF24–DNA com-
plex. Consistent with this finding, we were able to purify a Csy–
AcrIF24–dsDNA complex by incubating the Csy–AcrIF24 complex 
with a double-stranded DNA (dsDNA) substrate followed by SEC 
(Extended Data Fig. 2a). The bound dsDNA was only visible in the 
dimer form and was determined at a lower resolution (8–10 Å) due 
to low abundance of this species, flexibility or both in this region 
(Extended Data Fig. 7 and Extended Data Fig. 8a). Nevertheless, 
the major and minor grooves of the DNA are visible, allowing us to 
model the bound DNA as a poly(G) sequence.

The structure shows that the two ends of the dsDNA are bound 
to both the PAM recognition sites of Csy complexes, and the middle 
region of the dsDNA (~20 base pairs (bp)) is bound to the AcrIF24 
dimer, with the connections between the middle region and the two 
ends barely visible (Extended Data Fig. 8a). The middle region of 
the dsDNA is bound to the HTH domains of the AcrIF24 dimer, 
which form a highly positively charged surface (Extended Data  
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of Csy–DNA (PDB: 6Ne0) shown in the same view of Csy as in a. c, Detailed interaction between AcrIF24-NTD and Csy. The β2-β3 loop interacting with 
Csy is colored in red. Specific interactions between the 16–24 region of AcrIF24 and the Cas7.6f thumb domain are detailed in the box on the right.  
d, Quantification of in vitro DNA cleavage assay in the presence of wild-type AcrIF24 and AcrIF24 with mutations of residues involved in Csy interaction 
shown in c and e. e, Detailed interaction between AcrIF24-MID and Csy. The long β6-β7 loop region interacting with Csy is colored in red. Interactions 
between R118 of AcrIF24 and the Cas7.2f thumb domain are detailed in the box on the right. f, Quantification of eMSA assay showing the effects of 
wild-type and mutant AcrIF24 variants in inhibiting the formation of Csy–DNA. The in vitro DNA cleavage assay and eMSA experiments were repeated 
three times with similar results, and representative raw data are shown in extended Data Fig. 5. error bars represent s.d.; n = 3. Two-sided t-test was 
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Fig. 8b). The two ends of the dsDNA are loaded into the PAM 
recognition sites, similarly to the previously studied Csy–dsDNA 
complex (PDB: 6NE0)23. Based on our modeling, the total length of 
dsDNA spanning the two PAM recognition sites would be around 
60–62 bp.

Because no crRNA–target DNA hybridization is observed in 
the Csy–AcrIF24–DNA complex, we then checked whether Csy–
AcrIF24 is capable of binding non-specific DNA. Our EMSA results 
suggest that Csy–AcrIF24 binds to both specific and non-specific 
DNA (Extended Data Fig. 8c). Mutations in the PAM recognition 
site in Csy (K247E/N250D in Cas8f (ref. 15)) show no detectable 
binding to either specific or non-specific DNA, suggesting that DNA 
binding to Csy–AcrIF24 relies on this recognition site (Extended 
Data Fig. 8d). To check whether the specific and non-specific DNA 
share the same binding site on the Csy–AcrIF24 complex, we per-
formed competition EMSA experiments. Our results show that 
non-specific DNA can replace specific DNA in the Csy–AcrIF24–
DNA complex and vice versa (Extended Data Fig. 8e,f), suggesting 
that they share the same binding site. Taken together, Csy–AcrIF24 
is capable of recruiting DNA independent of the PAM and spacer 
sequences, possibly through interaction with the charged surfaces 
and the PAM recognition sites.

Both AcrIF24 and Csy–AcrIF24 bind tightly to promoter DNA. 
We next explored the function of AcrIF24 as an Aca protein. We 
constructed a plasmid with the acrIF23-acrIF24 promoter upstream 
of a promoter-less lacZ reporter gene, a strategy previously used to 

test the function of Aca1 (ref. 19). Expression of AcrIF24 resulted in 
a 64% reduction in β-galactosidase activity (Fig. 4a), indicating that 
AcrIF24 is a transcriptional suppressor. Based on sequence infor-
mation upstream of the acrIF23-acrIF24 operon, we synthesized 
a 66-bp dsDNA that covers the predicted –10 and –35 regions of 
the promoter (predicted by BPROM24) and an inverted repeat (IR)  
(Fig. 4b). EMSA results suggest that AcrIF24 specifically binds to 
this promoter DNA (KD: ~34 nM) but not to a mutant with inter-
rupted IR sequences (Fig. 4c,d). Csy–AcrIF24 shows a slightly 
higher affinity to promoter DNA (KD: ~20 nM) than AcrIF24 alone 
(Fig. 4d,e), possibly due to added interactions contributed by the 
PAM recognition sites on Csy.

Mutations of key residues in the dimerization interface (for 
example, H154A/H216A/Y217A/R221A) abolished promoter DNA 
binding, indicating that dimerization of AcrIF24 is required for 
binding to promoter DNA (Fig. 4f). Interestingly, the HTH domain 
of AcrIF24 alone is not capable of binding promoter DNA (Fig. 4f), 
nor does the HTH domain alone show transcriptional repression 
in the β-galactosidase activity assay (Fig. 4a). It is likely that other 
domains, such as NTD, are important for maintaining the native 
structure and dimeric form of AcrIF24 to fulfill its Aca function.

Structure of Csy–AcrIF24–promoter DNA. To reveal the structural 
detail of the interaction between AcrIF24 and the promoter DNA, 
we determined the structure of the Csy–AcrIF24–promoter DNA 
complex by cryo-EM. Both the Csy–AcrIF24 monomer and dimer 
states are bound to promoter DNA, and both states were determined  
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to around 2.7 Å, which allowed for unambiguous assignment of 
the bases in the promoter DNA (Fig. 5a,b, Extended Data Fig. 9 
and Supplementary Table 1). A 19-bp promoter DNA spanning 
the predicted –10 and –35 regions was modeled confidently to the 
EM density map (Fig. 5c,d and Extended Data Fig. 10a). The IR 
in this region is involved in direct association with both AcrIF24 
protomers. Specifically, a G-C base pair at position 16 is recognized 
by R194 of AcrIF24.1 (similarly, a G-C base pair at position 4 is rec-
ognized by R194 of AcrIF24.2) (Fig. 5e). G-C and A-T base pairs at 
positions 13 and 14 are recognized by K197 and T193 of AcrIF24.1 
(similarly, A-T and G-C base pairs at positions 6 and 7 are recog-
nized by K197 and T193 of AcrIF24.2) (Fig. 5e). Binding of the 
promoter DNA to Csy–AcrIF24 results in bending in the DNA by 
43.7° from position 2 to position 18 (calculated by the Curve+ pro-
gram25), similar to the ~42° bending angle observed from the Aca1–
promoter DNA structure22 (Extended Data Fig. 10b). Extra density 
potentially contributed by DNA flanking the –10 and –35 regions is 
observed at both PAM recognition sites of Csy; however, the den-
sities are weak, indicative of weak and non-specific interactions  
(Fig. 5a,b). These results highlight how Csy–AcrIF24 can tightly 
bind to the acrIF23-acrIF24 promoter.

Discussion
In this study, we elucidated the structural basis for the dual func-
tion of AcrIF24, a fused Acr-Aca protein in type I-F CRISPR–Cas 
systems or, more broadly, in class 1 CRISPR–Cas systems, and we 
reported a high-resolution structure of the Csy–AcrIF24–promoter 
complex. As an Acr, AcrIF24 directly binds to Csy and blocks the 
hybridization between crRNA and target DNA, thereby inactivating 
the type I-F CRISPR–Cas system (Fig. 6). Target recognition by Csy 
involves rapid association and dissociation with dsDNA, searching 
for a GG PAM sequence26. Once the PAM sequence is identified, 
DNA is partially melted, which allows the hybridization between 
melted DNA and the crRNA. When the crRNA-DNA hybridization 
is successful and a stable R-loop structure is formed, the Csy-dsDNA 
complex is capable of recruiting Cas2/3 nuclease for target cleav-
age. If not, Csy’s search for PAM and spacer sequences continues. 
AcrIF24 binds to the Cas7 ‘backbone’ and prevents the hybridiza-
tion between target DNA and crRNA, therefore preventing the for-
mation of the R-loop structure. This mechanism is reminiscent of 
AcrIF1 (refs. 7,8), AcrIF9 (refs. 11,12) and AcrIF14 (refs. 13,15).

As an Aca, AcrIF24 is capable of binding to the promoter DNA, 
thereby suppressing the transcription from the acrIF23-acrIF24 
promoter (Fig. 6). The Aca role of AcrIF24 is consistent with a 
recent study27. Here we present a high-resolution structure of Csy–
AcrIF24–promoter complex to reveal the structural basis for the 
Aca role of AcrIF24. In the acrIF23-acrIF24 promoter, only one IR 
sequence between the −35 and −10 regions is identifiable. This IR 
sequence is in an equivalent position to the IR2 of the acrIF1-aca1 
promoter, in which another IR1 is found upstream of the −35 region. 
The Aca role of Acr proteins was also reported in two studies inves-
tigating type II Acrs, including AcrIIA1 (ref. 28) and AcrIIA13–15 
(ref. 29). The NTD of AcrIIA1 is a critical transcriptional repressor 
of the strong acr promoter, whereas the C-terminal domain inhibits 
DNA interference by Cas9 (ref. 28). The N-termini of AcrIIA13–15 
contain HTH motif and are capable of binding the IR regions of the 
acr promoter29. The fact that dual-function inhibitors could span 
both class 1 and class 2 CRISPR–Cas systems possibly suggests that 
this could be a widely successful strategy for Acrs.

Although three different domains in AcrIF24 are responsible for 
separate Acr and Aca roles, AcrIF24 functions as a whole with the 
dimerization interface being essential for both roles. For example, 
although both NTD and MID directly bind to the Cas7f backbone 
of Csy to block the hybridization between crRNA and target DNA, 
HTH is required for optimal inhibition of Csy (Fig. 2b). On the other 
hand, although only the HTH domain is involved in DNA binding,  

as revealed by the structures reported here, the HTH domain alone 
is not capable of competent binding to promoter DNA (Fig. 4f). One 
possible explanation is that all domains are required for maintaining 
the native structure and dimeric form of AcrIF24 for the dual func-
tion of Acr and Aca. In summary, our work reveals the structural 
basis for the dual function of AcrIF24, a fused Acr-Aca protein that 
inhibits the type I-F CRISPR–Cas system.
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Methods
Plasmid constructs and protein purification. The DNA sequences encoding 
AcrIF23 and AcrIF24 were ordered as gBlocks from Integrated DNA Technologies 
(IDT). The sequnces were cloned individually into pET His6 Sumo TEV LIC 
cloning vectors (1S) (Addgene, 29659) using the Gibson Assembly Master Mix 
(NEB, E2611S). After sequencing verification, these plasmids were transformed 
into Escherichia coli BL21(DE3) cells for expression in Terrific Broth (TB) medium. 
Protein expression was induced when the optical density at 600 nm (OD600) reached 
0.6 by adding 0.5 mM isopropyl β-d-1-thiogalactopyranoside (IPTG), followed 
by incubation at 16 °C overnight. After harvesting, cell pellets were resuspended 
in lysis buffer (50 mM HEPES (pH 7.5), 500 mM NaCl, 5% glycerol and 5 mM 
β-mercaptoethanol) supplemented with 0.2 mM phenylmethylsulfonyl fluoride 
(PMSF). Cells were disrupted by sonication. After centrifugation, the supernatant 
was incubated with Ni-NTA beads for 30 minutes and loaded to a gravity flow 
column, followed by an extensive wash using lysis buffer. The target AcrIF24 
(or AcrIF23) protein was eluted in a buffer containing 50 mM HEPES (pH 7.5), 
500 mM NaCl, 5% glycerol, 1 mM tris(2-carboxyethyl) phosphine hydrochloride 
(TCEP) and 350 mM imidazole. After digestion by TEV protease overnight to 
remove the 6×His and SUMO tags, AcrIF24 (or AcrIF23) protein was purified with 
ion-exchange chromatography using HiTrap Q HP. AcrIF24 (or AcrIF23) protein 
was then concentrated and further purified over a Superdex 200 or a Superdex 75 
column (Cytiva) in a buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 5% 
glycerol and 1 mM TCEP.

For purification of the PA14 Csy complex, we used a similar protocol as 
described for AcrIF24. For purification of Cas2/3, the pMBPCas2/3 plasmid 
(Addgene, 89238) was transformed into BL21(DE3) cells. Protein expression 
was induced as described above for AcrIF24. After harvesting, cell pellets were 
resuspended in lysis buffer (50 mM HEPES (pH 7.5), 500 mM NaCl, 5% glycerol 
and 1 mM TCEP) supplemented with 0.2 mM PMSF and disrupted by sonication. 
After centrifugation, the supernatant was passed through a StrepTrap HP column 
for binding the tagged Cas2/3, followed by washing with lysis buffer. The protein 
was eluted with lysis buffer supplemented with 2.5 mM desthiobiotin. The collected 
elution fractions were concentrated and subjected to a Superdex 200 column 
(Cytiva) for further purification.

Mutagenesis. All AcrIF24 and Csy mutations were generated by PCR-based 
QuickChange site-directed mutagenesis. All mutations were confirmed by 
DNA sequencing. The primers used for making these mutations are listed in 
Supplementary Table 2. The mutant proteins were expressed and purified using the 
same protocol as used for the wild-type proteins.

Substrate DNA preparation. To prepare dsDNA substrate for in vitro cleavage 
assays and EMSAs, a 54-nt non-target DNA strand labeled with 5′-fluorescein 
(FAM) (synthesized by GENEWIZ) and a 54-nt target strand without a label 
(synthesized by IDT) were mixed at a molar ratio of 1:1.25, denatured at 95 °C for 
5 minutes and then annealed at room temperature. The DNA sequences are listed 
in Supplementary Table 2.

Complex assembly. To assemble the Csy–AcrIF24 complex, purified Csy was 
incubated with AcrIF24 at a molar ratio of 1:10 for 1 hour on ice. The mixer 
was then subjected to a Superdex 200 column (Cytiva) equilibrated in buffer 
containing 20 mM HEPES (pH 7.5), 100 mM KCl, 5% glycerol and 1 mM TCEP. 
Elution fractions contatining the assembled complex were examined by SDS-PAGE 
analysis. To assemble the Csy–AcrIF24–dsDNA complex, Csy was incubated with 
a ten-fold molar excess of AcrIF24 and a 1.5 molar excess of target dsDNA for 
1 hour on ice. The mixer was then subjected to a Superdex 200 column (Cytiva) 
equilibrated in buffer containing 20 mM HEPES (pH 7.5), 100 mM KCl, 5% 
glycerol, 1 mM TCEP and 5 mM MgCl2. Elution fractions were examined by 
SDS-PAGE and 15% polyacrylamide gels containing 7 M urea.

In vitro DNA cleavage assay. Reactions were typically performed with final 
concentrations of Csy at 1.2 μM, Cas2/3 at 0.15 μM and substrate DNA at 0.04 μM. 
The concentrations of AcrIF24 and its variants are specified in the figures  
or legends.

We first incubated AcrIF24 with Csy complex at 4 °C in the buffer containing 
20 mM HEPES (pH 7.5), 100 mM KCl, 5% glycerol and 1 mM TCEP for 30 minutes. 
Substrate DNA was added and incubated for another 15 minutes. Then, Cas2/3 
was introduced along with 5 mM MgCl2, 75 µM NiSO4, 5 mM CaCl2 and 1 mM 
ATP. After 30 minutes at 37 °C, the reaction was quenched with 1% SDS and 
8 mM EDTA. The products were separated by electrophoresis over 15% TBE 
polyacrylamide gels containing 7 M urea and visualized by fluorescence imaging 
using a GE Amersham Imager 600 system.

For quantification, the intensities of uncleaved substrate DNA were quantified 
using ImageJ software30. DNA input was calibrated to 100%, and uncleaved 
substrate DNA in each lane was measured. Then, the percentage of cleaved DNA 
was calculated and illustrated as a bar graph using GraphPad Prism.

Cas2/3 recruitment assay. The Cas2/3 recruitment assay was performed by 
incubating 1.2 μM Csy complex with 1.2 μM AcrIF23 or AcrIF24 for 30 minutes 

at 4 °C in a buffer containing 20 mM HEPES (pH 7.5), 150 mM KCl, 1 mM MgCl2 
and 5% glycerol. Substrate DNA (0.04 μM) was then introduced into the reaction 
mixture and further incubated for 15 minutes at 37 °C. Cas2/3 was then added to 
the reaction mixture and was further incubated for 30 minutes at 37 °C. Products of 
the reaction were separated using 10% TBE polyacrylamide gels and visualized by 
fluorescence imaging.

EMSA. To test the effects of AcrIF24 (or its variants) on the recognition of 
substrate DNA by Csy (Extended Data Fig. 5b,d,f), 1.2 μM Csy complex was 
incubated with AcrIF24 (or its variants) in a 1:1 molar ratio at 4 °C for 30 minutes. 
Then, 40 nM DNA substrate was added and incubated at 4 °C for another 
30 minutes. Products were separated using 6% TBE polyacrylamide gels and 
visualized by fluorescence imaging. All binding reactions were conducted in buffer 
A containing 20 mM HEPES (pH 7.5), 150 mM KCl, 1 mM MgCl2 and 5% glycerol.

To test DNA binding to Csy–AcrIF24 (Extended Data Fig. 8c,d), 20 nM 
5′-FAM-labeled DNA was incubated with increasing concentration of Csy–
AcrIF24 (1, 20, 50, 100, 150, 200, 250, 300, 600, 1,200 and 1,500 nM) in buffer A 
at 4 °C for 30 minutes. Products were separated using 6% TBE polyacrylamide gels 
and visualized by fluorescence imaging.

In competition EMSA experiments (Extended Data Fig. 8e,f), Csy and AcrIF24 
were incubated in a 1:1 molar ratio at 4 °C for 30 minutes, followed by the addition 
of 0.25 μM FAM-labeled specific dsDNA (dsDNAsp), and the reaction mixture 
was incubated at 37 °C for 30 minutes in buffer A. Then, the non-specific dsDNA 
(dsDNAns with no FAM label) was added at increasing concentrations (0.125, 
0.25, 0.5 and 1 μM) and incubated at 4 °C for another 30 minutes. Products were 
separated using 6% TBE polyacrylamide gels and visualized by fluorescence 
imaging.

To calculate the affinities between AcrIF24 (or Csy–AcrIF24) and the promoter 
DNA (Fig. 4c,e), 20 nM 5′-FAM-labeled wild-type or mutant promoter DNA was 
incubated with increasing concentrations (1, 5, 10, 15, 20, 40, 60, 80, 1,000, 1,250 
and 1,500 nM) of AcrIF24 (or Csy–AcrIF24) in buffer A for 30 minutes at 4 °C. 
Products were separated using 10% (for AcrIF24) and 6% (for Csy–AcrIF24) TBE 
polyacrylamide gels and visualized by fluorescence imaging.

To test the effect of AcrIF24 mutations on promoter DNA binding (Fig. 
4f), 20 nM 5′-FAM-labeled promoter DNA was incubated with an increasing 
concentration of AcrIF24 mutants (1.5 μM, 3 μM and 6 μM) in buffer A for 
30 minutes at 4 °C. Products were separated using 10% TBE polyacrylamide gels 
and visualized by fluorescence imaging.

The quantification of the EMSA data was performed by measuring the 
intensities of free DNA bands using ImageJ30 with DNA input calibrated at 100%. 
The percentage of bound DNA was calculated and illustrated as bar graphs. For 
calculation of binding affinity, the binding curves were fitted using the ‘specific 
binding with Hill slope’ function in GraphPad Prism.

β-galactosidase assay. A promoter-less β-galactosidase reporter shuttle vector 
pQF50 and a vector with constitutive promoter pCM-Str were gifts from the Alan 
R. Davidson laboratory18. The whole plasmids were sequenced for confirmation 
and construction purposes. AcrIF24 was PCR-amplified from its gBlock using 
primers listed in Supplementary Table 2 and cloned into pCM-Str using Gibson 
isothermal assembly. To insert the promoter DNA to pQF50, a pair of primers 
with 30-nt overhangs matching the promoter DNA were designed. pQF50 plasmid 
was PCR-amplified using the primers. PCR products were cleaned up with a PCR 
clean-up kit (Qiagen), and then DpnI was digested to remove the original pQF50 
with no promoter insertion. Blunt ends of the PCR product were annealed using 
Blunt/TA Ligase Master Mix (New England Biolabs). The insertion of promoter 
and acrIF24 gene was sequence verified.

The modified pQF50 and pCM-Str plasmids designed for the β-galactosidase 
assay were transformed into competent DH5α E. coli cells. A single colony was 
selected and cultured overnight. The cells were then diluted by 1:100 and grown 
for ~3 hours with shaking until the OD600 reached ~0.6. Next, 20 μl of culture was 
mixed with 80 μl of permeabilization solution (0.8 mg ml−1 of CTAB, 0.4 mg ml−1 
of sodium deoxycholate, 100 mM Na2HPO4, 20 mM KCl, 2 mM MgSO4 and 
5.4 μl ml−1 of β-mercaptoethanol) and incubated at 30 °C for 30 minutes. Then, 
600 μl of substrate solution (60 mM Na2HPO4, 40 mM NaH2PO4 and 1 mg ml−1 of 
o-nitrophenyl-β-galactosidase) was added, and the reaction was allowed to proceed 
at 30 °C for 30 minutes. The reaction was stopped with the addition of 700 μl of 
1 M Na2CO3; absorbance at 420 nm (A420) was measured; and Miller units were 
calculated. The β-galactosidase activity was then quantified using a method 
derived from ref. 31.

SEC-SAXS. Purified samples were subjected to SEC-SAXS with or without 
multi-angle light scattering (MALS) using either a Superdex 200 Increase GL or a 
Superose 6 column (Cytiva). The scattering data were collected at beamline 18-ID 
by the Biophysics Collaborative Access Team (BioCAT) of the Advanced Photon 
Source, Argonne National Laboratory. In brief, for SEC-SAXS, the sample(s) were 
analyzed using an ÄTKA Pure (Cytiva) FPLC, whereas, for SEC-MALS-SAXS, the 
sample was analyzed using a 1260 Infinity II HPLC (Agilent Technologies) in line 
with a MALS + DLS detector (DAWN HELEOS II, Wyatt Technology) and an RI 
detector (Optilab T-rEX, Wyatt Technology). The SAXS data were collected as the 
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sample was passed through a co-flow cell using a Pilatus3 X 1M detector (Dectris). 
The SAXS data were analyzed, and final plots were made using BioXTAS RAW32 
and ATSAS33. The data were reduced, and the data range for scattering curves was 
selected. Upon averaging the data, the q-range and molecular weight information 
were obtained by Guinier analysis. The pair–distance distribution curves were 
calculated using GNOM. Theoretical scattering for the X-ray and cryo-EM 
structures were calculated and compared with experimental scattering curves using 
CRYSOL, with structural superpositions performed with SUPCOMB34. Analysis of 
the MALS data was performed using ASTRA 7 software (Wyatt Technology).

EM. Aliquots of 3-μl Csy–AcrIF24 or Csy–AcrIF24–DNA complexes at ~2 mg ml−1 
were applied to glow-discharged UltrAuFoil holey gold grids (R1.2/1.3, 300 mesh). 
The grids were prepared using a Thermo Fisher Scientific Mark IV Vitrobot and 
transferred into a Titan Krios microscope operated at 300 kV. Cryo-EM data were 
collected at a nominal magnification of ×81,000, resulting in a calibrated physical 
pixel size of 1.05 Å per pixel. The images were recorded on a K3 electron direct 
detector in super-resolution mode at the end of a GIF Quantum energy filter 
operated with a slit width of 20 eV. Imaged were collected using Leginon35 with 
a defocus range of 1.2–2.5 μm. A dose rate of 20 electrons per pixel per second 
and an exposure time of 3.12 seconds were used, generating 40 movie frames 
with a total dose of ~54 electrons per Å2. Statistics for cryo-EM data are listed in 
Supplementary Table 1.

The Csy–AcrIF24–promoter DNA complex was studied similarly, except for 
that the data were collected on a Titan Krios G4 microscope, and the images have a 
calibrated physical pixel size of 1.054 Å per pixel.

Image processing. As for the Csy–AcrIF24 dataset, the movie frames were 
imported to cryoSPARC36. Movie frames were aligned using patch motion 
correction with a binning factor of 2. Contrast transfer function (CTF) parameters 
were estimated using Patch CTF37. A few thousand particles were auto-picked 
without a template to generate two-dimensional (2D) averages for subsequent 
template-based auto-picking. The auto-picked and extracted particles were 
screened by 2D classification and selection to exclude false and bad particles that 
fall into 2D averages with poor features. A subset of the particles (100,000 particles) 
was used to generate an initial model in cryoSPARC.

The screened particles were imported to RELION-3 (ref. 38) for 
three-dimensional (3D) classification, using an initial model generated by 
cryoSPARC. All three resultant 3D classes contain AcrIF24; however, class 2 lacks 
the Cas8–Cas5 heterodimer, and class 3 shows poor features (Extended Data Fig. 
3f). Particles in class 1 (111,955) were further refined in RELION, resulting in a 
map at an overall resolution of 3.2 Å based on the FSC = 0.143 criterion. Focused 
refinements around the inhibitors were further performed to improve the local 
resolutions. A combined map was calculated by the ‘vop maximum’ program 
in Chimera39 and used for model building. A workflow for data processing is 
summarized in Extended Data Fig. 3.

A similar workflow was used for the Csy–AcrIF24–DNA and Csy–AcrIF24–
promoter DNA datasets, except for that all processing was done in cryoSPARC 
(Extended Data Figs. 7 and 9).

Model building and refinement. De novo model building of the AcrIF24 
structures was performed manually in Coot40. Secondary structure predictions 
by PSIPRED41 were used to assist manual building. To build models of Csy, each 
subunit of the structure of the Csy–AcrIF4 complex (PDB: 6NE0) was fitted into 
the maps as a rigid body in UCSF Chimera39 and manually adjusted in Coot. 
Refinement of the structure models against corresponding maps was performed 
using the ‘phenix.real_space_refine’ tool in Phenix42. The buried interface area was 
calculated by the PDBePISA web server. The AcrIF23 model used for fitting the 
SEC-SAXS bead model was generated by AlphaFold2 (ref. 43). The poly(G) model 
was built by the ‘other modeling tools’ in Coot. Specifically, a double-stranded 
poly(G) structure was built in an ideal B-form. The structure was fitted onto the 
cryo-EM map as a rigid body using the ‘fit in map’ program in UCSF Chimera. The 
model was then fitted in Coot with all molecule self-restrains to maintain hydrogen 
bonds and stacking interactions between bases.

Visualization. Figures were generated using PyMOL and UCSF Chimera39.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Cryo-EM reconstructions of Csy–AcrIF24, Csy–AcrIF24 dimer, Csy–AcrIF24–
DNA dimer, Csy–AcrIF24–Promoter DNA and Csy–AcrIF24–Promoter DNA 
dimer have been deposited in the Electron Microscopy Data Bank under accession 
numbers EMD-25660, EMD-25661, EMD-25662, EMD-25789 and EMD-25788, 
respectively. Coordinates for atomic models of Csy–AcrIF24, Csy–AcrIF24 dimer, 
Csy–AcrIF24–DNA dimer, Csy–AcrIF24–Promoter DNA and Csy–AcrIF24–
Promoter DNA dimer have been deposited in the Protein Data Bank under 
accession numbers 7T3J, 7T3K, 7T3L, 7TAX and 7TAW, respectively. Structures of 

Csy alone and Csy–AcrIF4 are available in the Protein Data Bank under accession 
numbers 6B45 and 7JZW, respectively. Source data are provided with this paper.
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Extended Data Fig. 1 | AcrIF23 and AcrIF24 inhibit in vitro DNA cleavage by Csy and Cas2/3. (a) Cartoon diagram of the acrIF23-acrIF24 operon found 
in a P. aeruginosa prophage. No aca gene downstream of the acrIF23–24 locus was found. In comparison, the aca9 gene was found downstream of acrIF23 
in a D. carbinolicus prophage. Adapted from6. (b) AcrIF23 and AcrIF24 inhibits substrate DNA cleavage by the type I-F CRISPR-Cas system in the in vitro 
DNA cleavage assay. (c) Quantitative result of the experiment in (b). error bars represent SD; n = 3. Two-sided t test was performed (*P < 0.05). (d) eMSA 
results reveal that AcrIF24 inhibits substrate DNA binding to Csy whereas AcrIF23 does not. Note: Csy–AcrIF24 is capable of binding DNA independent of 
PAM and spacer sequences, resulting in a high molecular weight shift. * indicates a faint band where two copies of Csy bound to DNA, similar to previous 
report14 (doi.org/10.1093/nar/gkab092). (e) Quantitative result of the experiment in (d). error bars represent SD; n = 3. Two-sided t test was performed 
(*P < 0.05). (f) eMSA results reveal that Cas2/3 recruitment by Csy is abolished by AcrIF24 but not by AcrIF23.
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Extended Data Fig. 2 | Biochemical and biophysical analysis of AcrIF23 and AcrIF24. (a) Size exclusion chromatography (SeC) profiles of Csy, 
Csy–AcrIF24, Csy(Cas8f K247e/N250D)–AcrIF24 and Csy–AcrIF24–DNA complexes. Fractions of Csy–AcrIF24–DNA as indicated were analyzed by 
SDS-PAGe (to visualize proteins) and 10% Native PAGe gel (to visualize DNA), results of which are shown below the SeC profiles. SDS-PAGe of fractions 
of Csy(Cas8f K247e/N250D)–AcrIF24 is also shown below the SeC profiles. (b) SeC profiles (top) and SDS-PAGe (bottom) of AcrIF24 and its domain 
deletion mutants. (c) SeC profiles (left) and SDS-PAGe (right) of AcrIF24 mutants.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Cryo-eM data processing workflow for Csy–AcrIF24. (a) A representative raw cryo-eM micrograph of Csy–AcrIF24. (b) 
Representative 2D class averages. (c–e) Three major 3D classes were identified from 2D classification and heterogenous refinement: Csy–AcrIF24 (c), 
Csy–AcrIF24 dimer (d), and AcrIF24 only (e). (f) Major 3D classes from the 3D classification of Csy–AcrIF24. Class 2 shows missing density for Cas5f, 
and Cas8f subunits. (g) 3D refinement for particles from the 3D classification of Csy–AcrIF24 as indicated. (h) The plot of the global half map FSC of 
Csy–AcrIF24 indicates an average resolution of 3.2 Å. (i) Two focused refinements with a soft mask either in the head or tail of the Csy complex to improve 
local resolutions. (j) The final Csy–AcrIF24 map generated by combining maps from focused refinement. (k) 3D refinement for particles from the 3D 
classification of Csy–AcrIF24 dimer as indicated. (l) The plot of the global half map FSC of Csy–AcrIF24 dimer indicates an average resolution of ~ 3.5 Å. 
(m) Two focused refinements with a soft mask to each Csy complex bound to AcrIF24 to improve local resolutions. (n) The final Csy–AcrIF24 dimer map 
generated by combining maps from focused refinement.
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Extended Data Fig. 4 | Structure of Csy–AcrIF24. (a) Structure of AcrIF24 protomer color-coded as in Fig. 2a. eM density map is shown in orange mesh, 
and the atomic model of AcrIF24 is shown in sticks. (b) The protein sequence and secondary structure of AcrIF24. Residues involved in the dimeric 
interaction and tested by mutagenesis are marked with triangles. (c) Structural superimposition between AcrIF24 NTD domain and MMOD (PDB: 6D7K). 
(d) Interaction between HTH and NTD, with hydrophobic residues in the interface highlighted. (e)Structural superimposition between AcrIF24 HTH 
domain and Aca1 (PDB: 7CJK). (f) MID-MID dimerization interface of AcrIF24 as in Fig. 2e, with corresponding eM density shown in mesh. (g) HTH-HTH 
dimerization interface of AcrIF24 as in Fig. 2h, with corresponding eM density shown in mesh. (h) Interaction between AcrIF24-NTD and Csy as in Fig. 3c, 
with corresponding eM density shown in mesh. (i) Interaction between AcrIF24-MID and Csy as in Fig. 3e, with corresponding eM density shown in mesh.
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Extended Data Fig. 5 | effect of AcrIF24 mutants on DNA cleavage and binding by Csy. (a,b) In vitro DNA cleavage assays (a) and eMSAs (b) with Csy 
and target DNA in the presence of wild-type or domain deletion mutants of AcrIF24. (c,d) In vitro DNA cleavage assays (c) and eMSAs (d) with Csy and 
target DNA in the presence of wild-type AcrIF24 or AcrIF24 with mutations of residues in the dimerization interfaces. (e,f) In vitro DNA cleavage assays 
(e) and eMSAs (f) in the presence of wild-type AcrIF24 or AcrIF24 with mutations of residues involved in Csy interaction.
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Extended Data Fig. 6 | SAXS analysis of AcrIF23 and AcrIF24. (a) SAXS assay of purified wild type AcrIF24 in solution. The experimental SAXS scattering 
curve for AcrIF24 is shown as gray points, while calculated curves for the monomeric (red) and dimer (blue) forms of AcrIF24 are shown as solid lines. 
The fit of each calculated curve to the experimental data is indicated by χ2 values of 194 and 1.4, respectively. (b) A superposition of the AcrIF24 dimer 
with an ab initio bead model from the SAXS analysis (DAMMIF/N). (c) The ‘estimated molecular weight’ of AcrIF24 as the average of Vc, Vp, Bayes, and 
Shape/Size. (d) The experimental SAXS scattering curve for AcrIF23 is shown as gray points, while calculated curve for the AcrIF23 monomer model 
(AlphaFold) (green) is shown as a solid line. The fit of the calculated curve to the experimental data is indicated by the χ2 value of 1.2. (e) A superposition 
of the AcrIF23 monomeric model (AlphaFold) with the ab initio bead model from the SAXS analysis (DAMMIF/N). (f) The ‘estimated molecular weight’ 
of AcrIF23 as the average of Vc, Vp, Bayes, and Shape/Size. AcrIF23 has a theoretical molecular weight of 17.5 kDa. (g) SeC-SAXS scattering curve (gray; 
Dmax of 75.0 Å; Rg of 25.3 Å; MWavg of 36 kDa) for the AcrIF24(H154A/H216A/Y217A/R221A) mutant aligned with the calculated scattering curve for the 
AcrIF24 monomer (red, χ2 of 1.3). The residual plot from the fit of the experimental data (gray) and fit of the model (red) is shown in the bottom panel. (h) 
SeC-MALS analysis of the AcrIF24(H154A/H216A/Y217A/R221A) mutant showing a calculated molecular weight consistent with a monomer.
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Extended Data Fig. 7 | Cryo-eM data processing workflow for Csy–AcrIF24–DNA. (a) A representative raw cryo-eM micrograph of the Csy–AcrIF24–
dsDNA complex. (b) Representative 2D class averages. (c,d) Two 3D classes separated by heterogenous refinement: Csy–AcrIF24 in monomer (c) and 
dimer (d) states. (e) Three major classes from the heterogenous refinement of Csy–AcrIF24 monomer. (f) Refined map of Csy–AcrIF24 in monomer state. 
(g) Homogenous refinement for particles from the dimer state. (h) The plot of the global half map FSC of Csy–AcrIF24–dsDNA indicates an average 
resolution of 3.62 Å. (i) Refined map of Csy–AcrIF24–dsDNA after applying Gaussian filter to show the weak density of DNA.
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Extended Data Fig. 8 | Csy–AcrIF24 dimer recruits DNA independent of PAM and spacer sequences. (a) Cryo-eM structure of Csy–AcrIF24 dimer bound 
to dsDNA. Csy–AcrIF24 subunits are color-coded as Fig. 1a. Two strands of DNA are color-coded in blue and magenta, respectively. (b) electrostatic 
potential maps of Csy–AcrIF24 dimer (left) and AcrIF24 dimer (right), showing that DNA is bound to the positively changed surface of the assembly. 
(c) eMSA assay showing that Csy–AcrIF24 binds to both specific DNA (dsDNAsp) and non-specific DNA (dsDNAns) without a PAM or a spacer 
sequence. Sequences of dsDNAsp and dsDNAns are shown at the top, with the spacer highlighted and the GG PAM sequence colored in red. (d) eMSA 
assay showing that Csy (Cas8f K247e/N250D)–AcrIF24 is not capable of binding to both dsDNAsp or dsDNAns. (e,f) Competition eMSA assay to test 
whether the binding sites of dsDNAsp and dsDNAns overlap. In e, Csy or Csy–AcrIF24 was incubated with dsDNAsp (5′-FAM in the TS), followed by 
adding increasing concentrations of unlabeled dsDNAns. In f, Csy or Csy–AcrIF24 was incubated with dsDNAns (5′-FAM in the TS), followed by adding 
increasing concentrations of unlabeled dsDNAsp.
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Extended Data Fig. 9 | Cryo-eM data processing workflow for Csy–AcrIF24–promoter DNA. (a) A representative raw cryo-eM micrograph of the 
Csy–AcrIF24–promoter DNA complex. (b) Representative 2D class averages. (c,d) Two 3D classes separated by heterogenous refinement: Csy–
AcrIF24-promoter DNA in monomer (c) and dimer (d) states. (e) Two major classes from the heterogenous refinement of Csy–AcrIF24-promoter DNA 
monomer. (f) Refined map of Csy–AcrIF24-promoter DNA in monomer state. (g) The plot of the global half map FSC of Csy–AcrIF24–promoter DNA in 
monomer state indicates an average resolution of ~ 2.7 Å. (h) Two major classes from the heterogenous refinement of Csy–AcrIF24-promoter DNA dimer. 
(i) Refined map of Csy–AcrIF24-promoter DNA in dimer state. (j) The plot of the global half map FSC of Csy–AcrIF24–promoter DNA in dimer state 
indicates an average resolution of ~ 2.7 Å.
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Extended Data Fig. 10 | Structure of AcrIF24–promoter DNA. (a) Modeling of the 19-bp promoter DNA bound to AcrIF24. Shown are individual base 
pairs of the 19-bp promoter DNA, with corresponding eM densities in mesh. (b) Structural comparison between AcrIF24–promoter DNA and Aca1–
promoter DNA.
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