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AcrF1/2 to Csy surveillance complex revealed by cryo-EM 
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Bacteriophages encode anti-CRISPR suppressors to counteract the CRISPR/Cas immunity of their bacterial hosts, 
thus facilitating their survival and replication. Previous studies have shown that two phage-encoded anti-CRISPR 
proteins, AcrF1 and AcrF2, suppress the type I-F CRISPR/Cas system of Pseudomonas aeruginosa by preventing tar-
get DNA recognition by the Csy surveillance complex, but the precise underlying mechanism was unknown. Here we 
present the structure of AcrF1/2 bound to the Csy complex determined by cryo-EM single-particle reconstruction. 
By structural analysis, we found that AcrF1 inhibits target DNA recognition of the Csy complex by interfering with 
base pairing between the DNA target strand and crRNA spacer. In addition, multiple copies of AcrF1 bind to the Csy 
complex with different modes when working individually or cooperating with AcrF2, which might exclude target 
DNA binding through different mechanisms. Together with previous reports, we provide a comprehensive working 
scenario for the two anti-CRISPR suppressors, AcrF1 and AcrF2, which silence CRISPR/Cas immunity by targeting 
the Csy surveillance complex. 
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Introduction Bacteria and archaea have evolved numerous mech-
anisms to fight against phage infection (antiviral sys-
tems) [1]. One of the most typical representatives is the 
CRISPR/Cas system that relies on CRISPR (clustered 
regularly interspaced short palindromic repeats) loci and 
a diverse cassette of CRISPR-associated (Cas) genes [2]. 
It has been estimated that more than 95% archaea and 
48% eubacteria possess one or more types of CRISPR/
Cas systems [3]. However, to establish infection and pro-
liferate in bacterial hosts, phages have also evolved so-
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phisticated strategies to evade the CRISPR/Cas immuni-
ty. Recently, the newly identified anti-CRISPR proteins, 
which can suppress host bacterial CRISPR/Cas systems 
and facilitate phage survival, attracted tremendous atten-
tion [4-7]. The interactions of CRISPR/Cas systems with 
anti-CRISPR suppressors are the results of virus and host 
co-evolution, which provides new insights into the devel-
opment and functions of CRISPR/Cas systems.

The CRISPR/Cas immunity involves three stages, 
including spacer acquisition, CRISPR RNA (crRNA) 
production and interference [8]. Initially, foreign nucleic 
acid fragments are inserted as spacers into the CRISPR 
locus in bacterial genomes, which serve as a library for 
invading nucleic acid [9-11]. The CRISPR array, contain-
ing multiple spacers and CRISPR repeats, is then tran-
scribed into pre-crRNA that would be further processed 
into mature crRNA with only one spacer sequence and 
repeat [12, 13]. Following that, Cas proteins and crRNA 
assemble into a ribonucleoprotein complex to detect the 
complementary target nucleic acid based on the foreign 
spacer sequence and further induce target degradation 
[14-16]. 

According to the unified classification of CRISPR/Cas 
systems, all type I systems utilize a multi-subunit surveil-
lance complex to recognize the complementary invading 
nucleic acid, and then a Cas endonuclease is recruited to 
degrade the target, typically Cas3 protein family mem-
bers [14-18]. All these CRISPR/Cas effectors could po-
tentially be intercepted by phage-encoded anti-CRISPR 
proteins to inactivate the CRISPR/Cas immunity. Previ-
ous studies have identified a set of anti-CRISPR (Acr) 
proteins targeting type I-F CRISPR/Cas system of Pseu-
domonas aeruginosa, which counteract the CRISPR/Cas 
immunity at different stages [4, 19]. Among them, AcrF3 
directly interacts with Cas3 endonuclease to lock it in 
ADP-binding conformation, thus inhibiting its enzymatic 
activity [20, 21]. AcrF1 and AcrF2 bind to the surveil-
lance complex, Csy complex in this system, preventing 
target DNA recognition [19]. Biochemical analysis has 
located their binding sites at the Csy3 backbone and 
Csy1-Csy2 tail of the Csy complex, respectively [19, 22]. 
However, the structural basis of AcrF1 and AcrF2 inhib-
iting DNA recognition by Csy complex remains obscure.

To elucidate the mechanism of AcrF1- and AcrF2-me-
diated silencing of type I-F CRISPR/Cas system, we 
determined the structures of AcrF1 and AcrF2 bound to 
Csy complex (AcrF1/2-Csy complex) by cryo-electron 
microscopy (cryo-EM) at near atomic resolution. We 
precisely located AcrF1 and AcrF2 in this complex and 
found multiple modes of these two anti-CRISPR sup-
pressors binding to Csy complex, demonstrating their 
alternate mechanisms working individually or syner-

gistically. During the preparation of this manuscript, a 
similar complex structure was published, which reported 
only one binding mode [23]. Our results provide a com-
prehensive working scenario of these two anti-CRISPR 
effectors, which would intensify our understanding of 
the molecular mechanisms of anti-CRISPR proteins to 
silence the CRISPR/Cas immunity by targeting surveil-
lance complexes.

Results

Cryo-EM reconstruction
Initially, we prepared AcrF1 and AcrF2 bound to Csy 

complex with a 32-nt spacer crRNA (AcrF1/2-Csy32nt 
complex), which represents the naturally occurring Csy 
complex in P. aeruginosa (Figure 1A and 1B; Supple-
mentary information, Figure S1A). The backbone part 
of this complex, containing six copies of Csy3 and two 
copies of AcrF1, was well reconstructed to an overall 
resolution of 3.8 Å (Supplementary information, Figure 
S2C). However, the Csy4 head and Csy1-Csy2 tail were 
poorly resolved with large part of omit density, reflecting 
the intrinsic flexibility of these two parts in this complex 
(Supplementary information, Figures S2B, S3, S6A and 
S6B). Besides, the orientation preference problem also 
limited the reconstruction result, making it difficult to 
build atomic models (Supplementary information, Figure 
S2A, S2B and S2D). 

The closest relative of type I-F CRISPR/Cas system is 
the intensively studied type I-E system, of which the crR-
NA encapsidating mechanism of the surveillance com-
plex (Cascade complex) has been well defined [18]. With 
this reference, we reduced the crRNA spacer to 20 nu-
cleotides, which resulted in a smaller complex with four 
copies of Csy3 and a single copy of AcrF1 (AcrF1/2-
Csy20nt complex) (Supplementary information, Figures 
S1B, S4B and S5). The smaller complex behaved better 
in orientation distribution, and the reconstructed map 
was improved, with which we can produce a full com-
ponent reconstruction with an overall resolution of 5.3 
Å and focused-refine the backbone to a resolution of 4.2 
Å (Supplementary information, Figures S4A-S4D, S6C 
and S6D). The improved reconstruction helped to recog-
nize the topology of Csy3 protein and better resolved the 
Csy4 head and Csy1-Csy2 tail, which allowed us to build 
an atomic model for the Csy3-crRNA-AcrF1 subcomplex 
and rigidly fit Csy4 and crRNA hairpin (PDB: 4AL5) 
unambiguously into the density (Figure 1C-1F). The re-
ported AcrF1 atomic model (PDB: 2LW5) was perfectly 
fitted into the corresponding density map, which helped 
to locate each protein component (Figure 1D). The den-
sity of crRNA side chains was clearly recognizable and 
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facilitated our sequence registration (Figure 1E). The 
model of Csy3 was de novo built based on the two back-
bone maps with 3.8 and 4.2 Å resolutions, respectively. 
Initially the topology was identified and the main chain 
was traced with poly-alanine. The bulky amino-acid side 
chains were identified to help update the sequence reg-
ister and then a near-complete Csy3 atomic model was 
built (Figure 1F). The final atomic model contains Csy3-
Csy4-crRNA-AcrF1 components, whereas the Csy1-
Csy2-AcrF2 subcomplex could only be located but not 
modeled. 

Structural features of Csy complex and comparison with 
Cascade complex

The overall structure of Csy32nt complex showed a 
flat spiral architecture, with the Csy4 head and Csy1-

Csy2 tail rolling to proximity and forming a nearly 
closed ring structure (Figure 2A). The backbone contains 
six copies of Csy3 molecules, which are well ordered 
following helical symmetry. Along the helical track, the 
crRNA spacer was accommodated in a groove formed by 
the Csy3 backbone (Figure 2A). Six nucleotides of RNA 
segment were involved in interacting with each copy of 
Csy3 subunit, and a kink was observed among every 6 
nucleotides (Figure 2A, 2B and 2D). This feature highly 
resembles the RNA presenting modes of the Cascade 
complex in type I-E system (Figure 2E and 2G) and Cmr 
complex in type III-B system, indicating that it might 
be a universal mechanism of crRNA encapsidation in all 
class I CRISPR/Cas systems [16-18, 24].

In addition to these common structural features, sub-
stantial differences were also observed in the Csy32nt 

Figure 1 EM density of the modeled components in the reconstructed complex. (A) Schematic representation of the CRISPR/
Cas gene clusters of P. aeruginosa. The CRISPR repeats and spacers are represented as black triangles and red squares, 
respectively. The Cas2 protein in this system is fused as a domain in the Cas3 protein. The four Csy proteins consisting of 
the Csy complex (Csy1-4) are consecutively arranged in the genome and colored in purple, green, yellow and slate, respec-
tively. (B) Close view of the schematic model of a mature crRNA with the spacer colored in red and repeat sequence in black. (C) 
The density of Csy4-crRNA hairpin head and the fitted atomic model. The Csy4 protein is represented by slate ribbons and 
the crRNA 3′-hairpin is highlighted in black. (D) Representative density of AcrF1 and the refined atomic model. The model is 
shown as ribbons and the density map shows clear side chain features. (E) The de novo built model of crRNA 5′-handle and 
spacer chain is shown as ribbons and colored in the same manner as in B. The rigidly fitted 3′-hairpin is also shown to give 
an overall structure of the crRNA molecule. The kink nucleotides are labeled by the positions in spacer sequence. The den-
sity map shows clear side chains of each nucleotide. (F) Representative density map and model of Csy3 subunit. The thumb 
and web domains are labeled aside.
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complex compared to the Cascade complex. The adjacent 
Csy3 molecules are more tightly assembled than Cas7 
subunits in Cascade complex, making the helical rise of 
Csy complex smaller than that of Cascade complex (Fig-
ure 2A and 2E). As a result, the crRNA spacer segment 
encapsidated in Csy complex is placed in a relatively 
narrower groove in contrast to the more exposed crRNA 
presenting mode of Cascade complex (Figure 2A and 
2E). More strikingly, the six copies of Csy3 molecules 
are assembled in the same orientation along the helical 
track (Figure 2A), whereas the Cas7 molecule adjacent to 
Cas8e-Cas5e tail (Cas7.6) rotated ~160° relative to other 
five copies due to interactions with Cas5 subunit in the 
Cascade complex [17, 18, 25]. This observation indicates 

that the interactions between Csy2 (Cas5f) and Csy3.6 
may follow a substantially different mechanism, thus 
creating a different double-strand DNA (dsDNA) binding 
site at the tail region. This highly ordered helical symmetry 
also allowed us to superimpose the well-resolved AcrF1/2-
Csy32nt complex backbone with the AcrF1/2-Csy20nt 
complex with all components resolved, thus reconstitut-
ing a full-component AcrF1/2-Csy32nt complex (Figure 
3A; Supplementary information, Figure S7A and S7B).

The Csy3 density was well resolved and an atomic 
model was successfully built. The overall structure of 
Csy3 molecule follows the general domain architecture 
of Cas7 family members, composed of a palm domain 
and C-terminal domain in the main body, a thumb loop 

Figure 2 Overall structure of Csy surveillance complex and comparison with Cascade complex. (A) Cartoon and surface rep-
resentation of the overall structure of Csy3-Csy4-crRNA subcomplex (32-nt spacer). The unmodeled Csy1-Csy2 tail is repre-
sented by a blue dash line ellipsoid. The crRNA spacer and 5′-handle are colored in red and black, respectively. Six copies 
of Csy3 subunit are colored by chains and the kink nucleotides are labeled by black triangles along the crRNA chain. (B) The 
modified Csy3-Csy4-crRNA subcomplex (20-nt spacer) atomic model shown in the same style as in A. (C) Structure of Csy3 
subunit in cartoon representation. The N-terminus, palm, thumb, web and C-terminal domains are shown in different colors. 
The web loop is highlighted in magenta. (D) Surface and cartoon representation of Csy3 subunit showing the encapsidated 
crRNA segment. The kink nucleotides are highlighted by black triangles. (E) Overall structure of Cascade complex shown in 
the same style of Csy complex as in A. The loosely arranged Cas7 backbone is shown as surface and cartoon with the space 
between adjacent Cas7 subunits highlighted by black dash lines. (F) The overall structure of Cas7 subunit shown in the same 
manner as Csy3 in C. (G) A Cas7 subunit interacting with crRNA fragment shown in the same fashion as Csy3 in D.
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reaching out and a web domain loop interspaced in 
between (Figure 2C). The palm domain contains a con-
served RNA recognition motif, which is the major part 
responsible for crRNA binding. The thumb loop inter-
sects into the space between the main body and thumb 
loop of another adjacent Csy3 subunit, thus allowing 
Csy3 molecules to self-assemble following helical sym-
metry (Figure 2A and 2B; Supplementary information, 
Figure S7C), which is a general mechanism of assembly 
for all Cas7 family members and shapes the backbone 
of surveillance complexes [16]. The crRNA is accom-
modated in the groove formed by Csy3 main body and 
thumb loop, in which every Csy3 subunit interacts with 
six nucleotides and the thumb loop induces a kink among 
every 6-nt crRNA segment in a similar manner to Cas7 
in the Cascade complex (Figure 2A, 2D, 2E and 2G). 
However, the interspaced web loop of Csy3 is much 
longer than that of Cas7 and is directly involved in the 
interaction with crRNA spacer (Figure 2C, 2D, 2F and 

2G). This makes the crRNA binding groove narrower 
compared with the highly-exposed crRNA cradle in the 
Cascade complex, which might lead to a different target 
DNA recognition mechanism of the Csy complex in type 
I-F CRISPR/Cas system.

Binding modes of AcrF1 and AcrF2
In the cryo-EM reconstruction map, we clearly rec-

ognized the density of AcrF1 and AcrF2 molecules in 
the complex, which facilitated our structural analysis to 
explain the working mechanisms of these two anti-CRIS-
PR suppressors. In the full-component AcrF1/2-Csy32nt 
complex, one copy of AcrF2 was observed to bind to the 
Csy1-Csy2 tail and two copies of AcrF1 were found to 
bind to the Csy3 backbone inside the helical ring (Figure 
3A and 3B), which is in good accordance with previous 
biochemical evidence and a similar cryo-EM structure 
reported recently [19, 23].

However, in addition to this binding mode (mode A), 

Figure 3 Cryo-EM reconstructed map models of AcrF1/2-Csy complexes with different AcrF1/2 binding modes. (A, B) Top 
and side views of full-component AcrF1/2-Csy32nt complex with two copies of AcrF1 and one copy of AcrF2 binding to 
Csy32nt complex simultaneously (mode A). The Csy3-crRNA-AcrF1 backbone and Csy4 head are shown with both ribbon 
models and EM density surfaces. Six copies of Csy3 subunits are colored by chains. The AcrF1 and AcrF2 molecules are 
colored in magenta and orange, respectively. The Csy1-Csy2-AcrF2 tail is shown with only density map without models. (C, D) 
The modified AcrF1/2-Csy20nt complex is shown in top and side views in the same style as A and B. (E, F) Csy32nt complex 
with three copies of AcrF1 binding (mode B) is shown in the same views as mode A in A and B. The free AcrF1 binding sites 
at Csy3.(1-2) site in A and C are indicated by black dash line ellipsoids, which are partially interfered by the Csy4 head. The 
positions of AcrF1b.3 in E and F are highlighted by red dash line ellipsoids and the corresponding site in B is indicated simi-
larly to show the spatial clash with AcrF2.
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we also observed another AcrF1-alone binding mode 
(mode B; Figure 3E and 3F). During image processing, 
we noticed that the 3D classification of original AcrF1/2-
Csy32nt complex particles resulted in two main types 
of particles, with two or three copies of AcrF1 binding, 
respectively (Supplementary information, Figure S3). 
Comparing these two binding modes, we found that the 
AcrF1 binding sites in the two structures were not over-
lapping but interlaced to each other (Figure 3A, 3B, 3E 
and 3F). This phenomenon was quite conceivable as all 
six copies of Csy3 subunits assembled in the same ori-
entation following ordered helical symmetry, thus five 
equivalent interfaces were created between every two 
adjacent Csy3 subunits, which is right the binding site of 
AcrF1. However, it is impossible for all five positions to 
be occupied by AcrF1 simultaneously due to steric hin-
drance between two AcrF1 molecules at adjacent binding 
sites (Figure 3A-3F).

In binding mode A, which is consistent with the obser-
vation by Wiedenheft’s group [23], two AcrF1 (AcrF1a.1 
and AcrF1a.2) molecules bind to the interface formed 
by Csy3.(3-4) and Csy3.(5-6), respectively, but leaving 
the Csy3.(1-2) interface free, which might be interfered 
by spatial clash rendered by the Csy4 head (Figures 3A, 
3C, 4A and 4B; Supplementary information, Figure S8E 
and S8F). Thus only two copies of AcrF1 molecule could 
bind to Csy32nt complex in this mode. In the alternative 
binding mode (mode B), however, two equivalent inter-
faces formed by Csy3.(2-3) and Csy3.(4-5) are occupied 
by two AcrF1 (AcrF1b.1 and AcrF1b.2) molecules and 
the third AcrF1 (AcrF1b.3) binds to a single Csy3.6 sub-
unit, which is in close proximity to the Csy1-Csy2 tail 
region (Figure 3E and 3F). Upon the AcrF1b.3 binding, 
one end of the AcrF2 binding site on Csy1-Csy2 tail was 
blocked, thus generating steric hindrance for the bind-
ing of AcrF2 molecule (Figure 3A, 3B, 3E and 3F). In 
this situation, only AcrF1 molecules could bind to the 
Csy complex, which represents the scenario of AcrF1 
working alone. In the smaller AcrF1/2-Csy20nt complex, 
only one AcrF1 binds at the Csy3.(3-4) interface and 
one AcrF2 binds at the Csy1-Csy2 tail region, which is 
consistent with the binding mode A of AcrF1/2-Csy32nt 
complex.

As previous studies have demonstrated that either 
AcrF1 or AcrF2 is sufficient to silence the Csy com-
plex-mediated CRISPR/Cas immunity [4, 19], the two 
binding modes of AcrF1/2 to Csy complex exactly reveal 
how they work synergistically or individually. AcrF2 
has only one binding site at the Csy1-Csy2 tail region, 
and thus only one binding mode to prevent the DNA 
target recognition by the Csy complex, which shows 
no difference when working alone or cooperating with 

AcrF1 (Figure 3A-3D). However, AcrF1 could adopt at 
least two binding modes to inhibit Csy complex function 
when working alone, which involve at most two or three 
copies of AcrF1 at the Csy3.[(3-4),(5-6)] or Csy3.[(2-
3),(4-5),(6)] interaction sites, respectively. In addition, 
when synergistically working together with AcrF2, no 
more than two copies of AcrF1 could participate in the 
interaction (Figure 3A, 3B, 3E and 3F). 

Molecular mechanisms of inhibiting CRISPR/Cas immu-
nity by AcrF proteins

Based on the atomic model of Csy3-crRNA-AcrF1 
subcomplex, we further analyzed the detailed interactions 
between Csy complex and AcrF1 suppressors in different 
binding modes. As the six Csy3 subunits are arranged in 
the same orientation, the four equivalent binding sites, 
Csy3.[(2-3),(3-4),(4-5),(5-6)], all involve two adjacent 
Csy3 molecules to create a three-component interface, 
including the web loop (web.b) and thumb loop (thumb.
b) from one Csy3 subunit and the web loop from the oth-
er (web.a) (Figure 4A-4D; Supplementary information, 
Figure S8A-S8C). However, for the AcrF1b.3 in binding 
mode B, only the web loop of Csy3.6 is responsible for 
the interaction (Figure 4C and 4E; Supplementary infor-
mation, Figure S8D). It is not clear whether AcrF1b.3 in-
teracts with the Csy1-Csy2 tail, as this region was poorly 
resolved in our reconstruction. Considering their proxim-
ity in location, Csy1-Csy2 tail might help to stabilize the 
binding of AcrF1b.3.

For the Cascade complex in type I-E CRISPR/Cas 
system, each Cas7 subunit accommodates six nucleotides 
of crRNA spacer with one displaced kink behind the 
thumb domain [17, 18]. The other five nucleotides are 
readily accessible for target DNA base-pairing, leading 
to periodic five base pairs interspaced by one-nucleotide 
kinks [26]. This is a general mechanism for target DNA 
recognition shared by all surveillance complexes in class 
I CRISPR/Cas systems [16]. Therefore, binding of AcrF1 
to the thumb of Csy3 subunit would prevent the target 
DNA base-pairing with the crRNA spacer (Figure 4D). 

From Wiedenheft group’s report, AcrF2 is a dsDNA 
mimic to compete the binding site of the target DNA du-
plex on Csy1-Csy2 tail [23]. As AcrF1b.3 and AcrF2 are 
mutually exclusive in binding the Csy complex in bind-
ing mode B, we deduce that AcrF1b.3 could also prevent 
the dsDNA binding by potential steric hindrance in a 
similar manner to interfering with AcrF2 binding (Figure 
3E, 3F, 4C and 4E). Thus, AcrF1 can utilize different 
mechanisms to block target DNA recognition of the Csy 
complex when adopting different binding modes (Figure 
5A-5F).
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Discussion

Anti-CRISPR protein suppressors represent a new-
ly-established research direction in the CRISPR/Cas 
field, which is the result of co-evolution between pro-
karyotic organisms and their parasitic phages [7]. Virtu-
ally, the interactions between anti-CRISPR proteins and 
CRISPR/Cas systems reflect a sophisticated strategy that 
viruses adopt to evade host immunity. It is quite conceiv-
able that many unknown anti-CRISPR suppressors exist 
and are yet to be identified.

Anti-CRISPR proteins targeting the P. aeruginosa 
type I-F CRISPR/Cas system have been reported to 
function at different stages, among which AcrF3 targets 
Cas3 endonuclease to inhibit its DNA cleavage activity 
whereas AcrF1 and AcrF2 interfere with the DNA target 
recognition by targeting the Csy surveillance complex 
[19]. The structural basis of inactivating Cas3 endonu-
clease by AcrF3 has been well characterized as locking 
Cas3 in an ADP-binding conformation that is incapable 
of cleaving DNA target [20, 21]. However, the molecular 

mechanisms of preventing the Csy complex from recog-
nizing target DNA by AcrF1 and AcrF2 remain obscure. 

Here, our findings provide comprehensive insights 
into the multiple working modes of AcrF1 and AcrF2 to 
silence type I-F CRISPR/Cas immunity. There is only 
one binding site for AcrF2 on the Csy complex, and thus 
the inhibition mechanism is simply preventing dsDNA 
binding. By contrast, the binding of AcrF1 to the Csy 
complex is multivalent, suggesting sophisticated work-
ing mechanisms when adopting different binding modes. 
Though AcrF1 and AcrF2 bind at different sites on the 
Csy complex, the binding mode of AcrF1 could be affect-
ed by AcrF2, as one of the AcrF1 binding sites (AcrF1b.3 
binding site) is close to the AcrF2 binding site. Due to 
the spatial incompatibility of these two molecules at this 
region, their binding is mutually exclusive, thereby shap-
ing the diversity of AcrF1 binding modes. Since AcrF2 
mimic the dsDNA target and AcrF1b.3 excludes the 
binding of AcrF2, AcrF1 binding at this site might also 
prevent the binding of dsDNA target, which is different 
from AcrF1 molecules at other binding sites that prevent 

Figure 4 Atomic models of Csy3-Csy4-crRNA-AcrF1 subcomplexes corresponding to different AcrF1/2 binding modes. The 
Csy complex components are shown as cartoon and colored by chains. AcrF1 molecules are highlighted in magenta and 
represented by surface models. The Csy3 subunits interacting with each copy of AcrF1 are labeled aside the corresponding 
AcrF1 molecules. (A, C) Model of AcrF1 binding to Csy32nt complex in modes A and B, respectively. (B) Model of AcrF1 
binding to Csy20nt complex. The free AcrF1 binding sites at Csy3.(1-2) site in A and B are indicated by black dash line ellip-
soids, which are partially blocked by Csy4 head. (D, E) Close view of AcrF1 interacting with Csy3 subunits. The interaction 
interfaces on Csy3 subunits are highlighted by blue color. The kink nucleotides in crRNA segment are labeled by black tri-
angles. D shows the general interaction mode that involves two copies of Csy3 molecules and E presents the third copy of 
AcrF1 in binding mode B (AcrF1b.3) interacting with a single Csy3 subunit (Csy3.6).
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single-strand DNA base-pairing with the crRNA spac-
er. For the interactions of AcrF1 with the Csy complex, 
the Csy3 web loop plays a major role. As the web loop 
region of Csy3 shows significant difference from that 
of Cas7 in the Cascade complex, it might explain why 
AcrF1 specifically targets only the type I-F CRISPR/Cas 
system in P. aeruginosa [4, 19].

It has been demonstrated that either AcrF1 or AcrF2 
alone is sufficient to block the activity of the Csy com-
plex [4, 19]. Based on the structural studies, a single 
copy of AcrF2 is capable of silencing the CRISPR/Cas 
immunity but it is not clear how many copies of AcrF1 
are enough to suppress DNA target recognition by the 
Csy complex. According to the above analysis, one copy 
of AcrF1 should be effective to exclude the binding of 
DNA duplex once placed at the AcrF1b.3 binding site. 

However, if binding to other sites, one copy of AcrF1 
might not be sufficient to block the DNA binding, as a 
large proportion of the spacer sequence could still be 
paired with the DNA target. More efforts are required to 
address this issue in the future.

Uncovering the molecular mechanisms of silencing 
CRISPR/Cas immunity by various anti-CRISPR proteins 
is of significant theoretical importance to improve our 
understanding of functionality of CRISPR/Cas system 
and to guide their engineering for application. To date, 
we have attempted to apply phages to deal with many 
pathogenic bacteria, however, the bacterial CRISPR/
Cas-related immune systems can affect the activity of 
phages [27-30]. Developing novel anti-bacterial ther-
apeutics based on anti-CRISPR suppressors is a very 
promising strategy, especially for dealing with the 

Figure 5 Schematic models of AcrF1/2 interacting with Csy complex in different binding modes. Each Csy3 subunit of Csy 
complex is indicated by a unique color and the Csy1-Csy2 tail is shown as a single part in the model. The crRNA spacer is 
colored in red and the 5′-handle and 3′-hairpin are colored in black. AcrF1 and AcrF2 molecules are colored in magenta and 
orange, respectively. The crRNA 5′-handle is underneath the Csy1-Csy2 tail, which is invisible in the top view, thus represent-
ed by dash lines. The Csy1-Csy2 tail is not colored and set as transparent to show the Csy4 head and Csy3.1 subunit under-
neath. (A) Schematic structure of Csy32nt complex. (B, C) Model of AcrF1 alone binding to Csy complex in modes A and B, 
respectively. The potential AcrF1 binding site interfered by Csy4 head is indicated by a red dash line ellipsoid. (D) Model of 
AcrF2 binding to Csy complex alone. (E, F) Model of AcrF1 and AcrF2 binding to Csy complex simultaneously where AcrF1 
adopts different binding modes. E and F represent the binding mode A and B, respectively. 
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re-emergent drug-resistant bacterial infections.

Materials and Methods

Protein expression and purification
The full-length genes encoding AcrF1 (GenBank: JX434032.1), 

AcrF2 (GenBank: NC_005178) and P. aeruginosa Csy proteins 
(Csy1-4, GenBank: CP000438.1) were synthesized and codon op-
timized for expression in Escherichia coli. The coding sequences 
of AcrF1 and AcrF2 with an N-terminal 6× His tag followed by 
tobacco etch virus (TEV) protease cleavage site were inserted in-
dividually into the expression vector pET21a. The Csy genes were 
sequentially subcloned into a modified polycistronic expression 
vector based on pET21a, and only the Csy4 coding sequence con-
tains a 6× His affinity tag and a TEV protease cleavage site at the 
N-terminus. crRNA-encoding genes with 32- or 20-nt spacer were 
synthesized and ligated into pET28a vector backbone driven by a 
T7 promoter. Expression vectors of Csy proteins and crRNA were 
co-transformed into E. coli BL21 (DE3) strain for Csy complex 
expression. 

For expression of all individual proteins or Csy complex, the 
cells were induced with 0.5 mM isopropyl-β-d-thiogalactopy-
ranoside (IPTG) at an OD600 nm of 0.6 and grown at 16 °C for an 
additional 15 h. Cells were harvested by centrifugation, resuspend-
ed in lysis buffer (20 mM Tris-HCl, pH 7.5, 500 mM NaCl) and 
homogenized with a low-temperature ultrahigh-pressure cell dis-
rupter (JNBIO, China). Proteins were initially purified by Ni-NTA 
affinity chromatography (GE Healthcare). For AcrF1 and AcrF2, 
the eluted product was pooled and buffer exchanged into 20 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, and then digested with TEV pro-
tease at 18 °C for 12 h. The cleaved protein samples were further 
purified by size-exclusion chromatography with a Superdex 200 
10/600 pg (GE Healthcare) column. For Csy complex, the eluent 
was concentrated and dialyzed at 4 °C overnight against ion-ex-
change buffer (20 mM Tris-HCl, pH 7.5, 50 mM NaCl) for further 
purification with a Resource Q column (GE Healthcare). Then the 
complete complex was cleaved by TEV protease and purified by 
another round of size-exclusion chromatography. 

To prepare the AcrF1/2-Csy complex, AcrF1 and AcrF2 pro-
teins were simultaneously mixed with Csy complex at a molar 
ratio of 4:1 and 1.5:1, respectively, and incubated at 18 °C for 2 h 
prior to purification with a Superose 6 10/300 GL size-exclusion 
column (GE Healthcare). The resulting complex reached a purity 
of ~95% as shown by SDS-PAGE and protein concentrations were 
quantified by measuring A280.

Cryo-EM sample preparation and data collection
Purified AcrF1/2-Csy complex sample (3 µl) with a concen-

tration of 0.4 mg/ml or 0.7 mg/ml, for samples with 32- or 20-
nt spacers, respectively, was placed on a glow-discharged holy 
carbon grid (Quantifoil 1.2/1.3 holy carbon, 300 mesh). After 2.5 s 
blotting with filter paper, the grid was flash plunged in liquid eth-
ane using a Vitrobot Mark IV (FEI Company) at 4 °C and 100% 
humidity. Cryo-EM single-particle data collection was performed 
using a 300 kV Titan Krios microscope equipped with a K2 sum-
mit camera. Images were recorded with super-resolution mode and 
dose-fractionized into 38-frame movies. 

For AcrF1/2-Csy32nt complex, each image was exposed for 7.6 
s at a calibrated magnification of 38 461 and an electron dose rate 

of ~4.73 e−/Å2/s, resulting in a total dose of ~36 e−/Å2. The images 
were binned before data processing, yielding a final pixel size of 
1.3 Å. For AcrF1/2-Csy20nt complex, images were taken with a 
different microscope with similar setup, which shows slight differ-
ence in magnification effect. Each exposure lasted 11.4 s at a cali-
brated magnification of 38 168 and an electron dose rate of ~5.17 
e−/Å2/s, giving an accumulative dose of ~59 e−/Å2. The images 
were binned to a final pixel size of 1.31 Å before reconstruction.

Image processing
The distortion and beam induced motion of each image stack 

were corrected by MAG_DISTORTION_CORR_v8.18.15 [31] 
and MOTIONCORR_v2.1 [32], respectively. The full stack sum 
was calculated for subsequent processing and the parameters of the 
contrast transfer function (CTF) were determined by CTFFIND 
[33]. A subset of protein particles were semi-automatically boxed 
using the program e2boxer.py in EMAN2 [34] software package 
and two dimensional (2D) classified using RELION-1.4 [35]. 
Four distinguished class average images were selected as the ref-
erence for automatic particle picking of the whole data set by RE-
LION-2.0 [36].

For AcrF1/2-Csy32nt complex, a total number of ~530 000 
initial particles were picked in 3 235 micrographs and 2 rounds 
of reference-free 2D classification were performed to clean up the 
data set, which yielded a subset of ~260 000 particles in the good 
classes showing clear secondary structure features (Supplementary 
information, Figure S2A and S2B). The selected particles were 
subjected to global 3D classification followed by local search. 
All particles converged into two main types of reconstructions 
in which AcrF1 molecules bind at different sites, designated as 
binding modes A and B, respectively (Supplementary information, 
Figure S3). In all reconstructed maps, both the Csy4 head and 
Csy1-Csy2 tail were poorly resolved, indicating intrinsic flexibility 
of these two regions. In the reconstructed map of a main class in 
binding mode B, both the head and tail regions showed better den-
sities compared with other classes. The particles in this class were 
subjected to 3D refinement and yielded a 4.7 Å resolution recon-
struction (Supplementary information, Figure S3). As the head and 
tail regions showed different extent of missing density, a soft mask 
covering the rigid backbone was applied to the 3 main classes in 
mode A for focused refinement, resulting in a 3.95 Å resolution 
map (Supplementary information, Figure S3). At the final stage, 
dose reduction was performed to further improve the resolution. 
Briefly, a new stack containing frame 3-23 in each 38-frame full-
dose stack was extracted and re-aligned using MOTIONCORR_
v2.1 [32], which resulted in a total dose of ~20 e−/Å2. The low-
dose data set was applied for final refinement and the resolution 
was improved to 3.77 Å with the 0.143 Fourier shell correlation 
cutoff (Supplementary information, Figure S2C). 

For AcrF1/2-Csy20nt complex data set, ~390 000 particles 
were automatically picked from 599 images and 2D classified for 
3 rounds to remove false positive and bad particles, which result-
ed in a clean subset of ~180 000 particles. A single round of 3D 
classification was conducted to further distinguish the structural 
heterogeneity, which started with vigorous global search followed 
by restricted local search. Among the four 3D classes, all particles 
mainly clustered into 2 good classes, one of which showed clear 
density for all protein components of interest whereas the Csy1-
Csy2 tail of the other class was largely invisible in the density 
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map (Supplementary information, Figure S5). The full-compo-
nent class, ~54 000 particles, was subjected to 3D refinement and 
yielded a reconstruction of 5.3 Å resolution. Besides the two main 
classes, one of the minor classes also showed good features in the 
Csy3-AcrF1 backbone region. Therefore, a total of ~150 000 par-
ticles from these 3 classes were pooled and refined with the rigid 
backbone masked, which resulted in a 4.5 Å resolution map. After 
particle polishing, the resolution was improved to 4.2 Å (Supple-
mentary information, Figures S4C and S5), in which the β-strands 
were clearly separated and bulky amino-acid side chains could be 
recognized. The local resolutions of all maps were estimated using 
RESMAP [37] (Supplementary information, Figure S6).

Atomic model building
The 3.8 Å map of AcrF1/2-Csy32nt complex backbone showed 

clear features of amino-acid side chains, but difficult to recognize 
the topology of main chains. However, the 4.2 Å map of AcrF1/2-
Csy20nt complex backbone provided good connectivity informa-
tion at some areas that were ambiguous in the previous map. The 
crRNA chain was confidentially identified and modeled, and two 
copies of AcrF1 atomic model (PDB: 2LW5) were perfectly fitted 
into the density map and adjusted manually in COOT [38], which 
showed clear side chain densities (Supplementary information, 
Figure S2E). Locating the crRNA and AcrF1 chains greatly helped 
the recognition of Csy3 subunit densities. Combining the informa-
tion of the two maps, we traced the main chain of Csy3 with po-
ly-alanine and the bulky amino-acid side chains were recognized 
to facilitate sequence registration aided by secondary structure 
predictions (Supplementary information, Figure S2E). Among the 
total 342 amino-acid residues in Csy3 polypeptide chain, residues 
15-327 were modeled with two disordered loops missing at both 
termini. The final atomic model contains Csy3-crRNA-AcrF1 
components. The Csy4 head was not ideally resolved to facilitate 
model building but good enough for faithful docking of the report-
ed Csy4 and crRNA hairpin atomic model (PDB: 4AL5) by rigid 
fitting using SITUS [39] and CHIMERA [40]. The Csy1-Csy2-
AcrF2 tail was not modeled.

The model was initially refined with MDFF [41], followed by 
several rounds of iterative manual adjustment in COOT [38] and 
real space refinement using PHENIX [42] program with secondary 
structure and geometry restraints applied. The stereochemical pa-
rameters of the model were assessed with MOLPROBITY [43] in 
PHENIX [42] package. The detailed image processing and model 
refinement statistics were summarized in Supplementary informa-
tion, Table S1.

For other reconstructed maps in which AcrF1 molecules bind 
with different modes, the individual models of Csy3, Csy4, crRNA 
and AcrF1 were rigidly fitted into the corresponding positions us-
ing SITUS [39] and CHIMERA [40]. The resulting complex pseu-
do-atomic models were refined in real space using PHENIX [42] 
with secondary structure restraints applied.

Structure analysis and visualization
The reconstructed maps and atomic models were visualized 

using CHIMERA [40] and analyzed using the wrapped applica-
tions. All EM density figures were rendered by CHIMERA [40] 
and cartoon representations of atomic models were generated with 
PYMOL [44] software.

Data availability
All the cryo-EM maps used in the structural analysis have been 

deposited in the EMDB database under the accession codes EMD-
6729 (AcrF1/2-Csy32nt complex, mode A backbone), EMD-6730 
(AcrF1-Csy32nt complex, mode B), EMD-6731 (AcrF1/2-Csy20nt 
complex, backbone) and EMD-6728 (AcrF1/2-Csy20nt complex, 
full component), respectively. The Csy3-crRNA-AcrF1 subcom-
plex atomic models with 32- and 20-nt spacer sequences have 
been deposited in the PDB database with entry codes 5XLO and 
5XLP, respectively.
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