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SUMMARY

RNA-based anti-CRISPRs (Racrs) interfere with the type I-F CRISPR-Cas system by mimicking the repeats
found in CRISPR arrays. Here, we determined the cryo-electron microscopy (cryo-EM) structures of the
type I-F crRNA-guided surveillance complex (Csy complex) from Pectobacterium atrosepticum and three
RacrlF1-induced aberrant subcomplexes. Additionally, we observed that Cas7f proteins could bind to
non-specific nucleic acids, forming right-handed superhelical filaments composed of different Cas7 copies.
Mechanistically, RacrlF1 lacks the specific S-conformation observed in the corresponding position of the 5’
handle in canonical CRISPR complexes, and it instead adopts a periodic “5 + 1” pattern. This conformation
creates severe steric hindrance for Cas5f-Cas8f heterodimer and undermines their binding. Furthermore,
Cas7f nonspecifically binds nucleic acids and can form infinite superhelical filaments along Racrs molecules.
This oligomerization sequesters Cas6f and Cas7f from binding, therefore blocking the formation of functional
CRISPR-Cas effector complexes and ultimately blocking antiviral immunity. Our study provides a structural
basis underlying Racrs-mediated CRISPRs inhibition.

INTRODUCTION CRISPR locus, thereby storing information of previous viral inva-
sions,'”"** and upon encountering a new invasion, this infor-

The relentless evolutionary arms race between prokaryotes and  mation is then utilized to specifically silence phages and other

mobile genetic elements (MGEs) such as phages, plasmids,
and transposons has driven the development of diverse and so-
phisticated defense systems in prokaryotes and viral counter-
measures.' These defense systems include well-characterized
restriction-modification (RM) systems,® abortive infection
mechanisms, newly identified prokaryotic innate immune re-
sponses,®> ™ and the highly intriguing CRISPR-Cas (clustered
regularly interspaced short palindromic repeats; Cas: CRISPR-
associated) system.>>%'9"'2 CRISPR-Cas systems are preva-
lent in prokaryotic defense and serve as an adaptive immune
system capable of integrating exogenous DNA into the

MGES.1O'13'14

The CRISPR-Cas system generally establishes adaptive im-
munity through three distinct stages: adaptation, maturation
(biogenesis), and interference.'®'® In the initial phase, short
DNA fragments from foreign genetic elements are integrated
into the CRISPR array as “spacers,” creating a molecular mem-
ory of the infection. During the second phase, the CRISPR array
is transcribed into a long pre-crRNA, which is subsequently pro-
cessed by specific ribonucleases into small crRNAs. Each
crRNA contains a spacer sequence flanked by a portion of the
repeat. In the final phase, a ribonucleoprotein effector complex,
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composed of crRNA and Cas proteins, forms crRNA-guided sur-
veillance complexes. These complexes utilize the crRNA as a
guide for target recognition and cleavage, effectively neutralizing
the invading MGEs.

CRISPR-Cas systems are grouped into two classes (class 1
and class 2), seven types (type I, lll, IV, and VIl in class 1 and
type Il, V, and VI in class 2), and more than 30 subtypes based
on Cas proteins diversity and interference mechanism.'>'® The
type | system is further divided into seven distinct types including
type | A-G. The type I-F CRISPR-Cas system from Pseudo-
monas aeruginosa is extensively characterized structurally and
functionally.'” =" This crRNA-guided surveillance complex com-
prises nine Cas proteins in a specific stoichiometry: one Cas6f,
six Cas7f, one Cas5f, and one Cas8f, accompanied by a single
60-nucleotide crBRNA. This complex assembles into an asym-
metric spiral architecture. This structural configuration is essen-
tial for the stability and function of the surveillance complex.
Upon binding to the target DNA, the surveillance complex un-
dergoes a conformational change that facilitates the recruitment
of the Cas2/3 helicase-nuclease. The Cas2/3 protein then
executes its dual function: unwinding the target DNA helix and
introducing cleavage, thereby degrading the invasive genetic
material.

To block or circumvent bacterial immunity, phages and/or
MGEs developed a variety of protein inhibitors known as anti-
CRISPR (Acr) proteins.?>?® To date, approximately 100 Acr
families blocking 12 subtypes of CRISPR-Cas systems have
been identified.”” These Acr proteins employ diverse mecha-
nisms to inhibit CRISPR-Cas activity,”>?>?%?5° and the
structures of many Acrs bound to the CRISPR-Cas surveillance
complex, particularly the type I-F systems, have been deter-
mined.8?%:2°33 Mechanistically, the Acr proteins interfere with
the CRISPR-Cas immune response at various stages. They
can disrupt Cas-Cas protein interactions, prevent crRNA
loading, inhibit the formation of the effector complex, obstruct
target DNA binding, and block nuclease recruitment and
Cleavage.23,25,28—30,34

Recent studies have identified CRISPR-like sequences known
as solitary repeat units (SRUs) that encode crRNA mimics and
function as RNA-based anti-CRISPRs (Racrs).>**® Racrs bind
Cas proteins to form aberrant CRISPR complexes, thus interfere
with the type I-F CRISPR-Cas system, thereby preventing their
participation in anti-phage defense. This discovery represents
the first paradigm of RNA-based Acrs. However, the high-reso-
lution structural basis underlying how Racrs are recognized by
Cas proteins to form these aberrant complexes, and how they
undermine functional CRISPR-Cas effector complexes, remains
to be elucidated.

In this study, we used cryo-electron microscopy (cryo-EM) to
elucidate the molecular mechanism of Racrs-mediated inhibition
of CRISPR-Cas immunity.

RESULTS
Overall structure of P. atrosepticum-Csy complex
To investigate the structural basis underlying Racrs-based

inhibition of CRISPR-Cas immunity, we first purified type I-F
(from Pectobacterium atrosepticum) cascade bound by crRNA
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(P. atrosepticum-Csy complex). We then determined the cryo-
EM structure of P. atrosepticum-Csy complex to 2.8 A
(Figures 1A, S1A, S1C, S2A, and S2D; Table S1). The overall ar-
chitecture of P. atrosepticum-Csy complex is a “G”-shaped as-
sembly, in which nine proteins (Cas6f-Cas7fg,—~Cas5f-Cas8f)
are skewered by a 60-nt crBRNA strand. The complex exhibits
several distinct features, including a Cas6f protein at the head
capping the 3’ stem-loop of crRNA, a Cas5f-Cas8f heterodimer
at the tail capping the 5" handle of crBRNA, and six tandem Cas7f
proteins assembled along the crBRNA spacer to form a right-
handed helical spiral backbone (Figures 1A-1C). Our structure
is similar to type I-F P. aeruginosa-Csy complex'”'®2"-3% (PDB:
6B45; Figure S3). However, the P. atrosepticum-Csy complex
exhibits some structural differences compared with other type
I-F variant and type I-E cascade complexes®’™*° (Figure S3).

As observed in other class 1 complexes, oligomerization of
Cas7f along crRNA induces distortions in its sugar-phosphate
backbone due to the thumb domain of Cas7f, creating “kinks”
at every 6-nucleotide interval'”'%4'=%> (Figure 1D). In previous
cryo-EM structures of the Csy complex, the head region, which
includes Cas6f and its capping of the 3’ hairpin of crRNA, was
poorly resolved due to inherent flexibility. In contrast, we provide
here well-defined density for the entire crRNA region, including
the Cas6f subunits. This is evidenced by a significantly improved
EM density map of our structure when compared with that of
earlier studies (Figures 1E and S4A-S4C), particularly noticeable
in the regions where the Cas6f protein interacts with the crRNA
(Figure 1E). Notably, the 3’ hairpin of the crRNA in this study ap-
pears to be shifted by one base pair compared with previous
structures (PDB: 5UZ9 and 6B45) (Figure S4D). While the crRNA
structures from the previous studies (PDB: 5UZ9 and 6B45)
show good alignment based on the superimposition of the 3’
hairpin of crRNA, our structure exhibits a gradual rigid-body shift
throughout the entire crBNA (Figure S4D). However, no clear
density is observed for the hook domain of Cas8f. Therefore,
we modeled this domain by superposing the Cas8f structure
from P. aeruginosa-Csy (Figure 1F).

The structures of aberrant Cas subcomplexes

To investigate the aberrant Cas subcomplexes formed by Racrs,
we expressed and purified the type I-F P. atrosepticum-cascade
with RacrlF1 as previously described (Figure 2A).%° Consistent
with previous findings, we successfully obtained and solved
the structure of an aberrant Cas subcomplex containing only
Cas6f, Cas7f, and RacrlF1, but lacking both Cas5f and
Cas8f.°° During particle analysis, we identified three distinct
populations, each comprising one Cas6f protein bound to a
RacrlF1 RNA, with varying numbers of Cas7f proteins: the first
containing seven Cas7f subunits (confor-1), the second contain-
ing eight Cas7f subunits (confor-2), and the third containing nine
Cas7f subunits (confor-3) with the dominant particle fraction
(Figures 2B and 2C). The confor-1 and confor-2 classes likely
represent on-pathway intermediates captured during vitrifica-
tion, corresponding to intermediate assembly states in a
sequential Cas7f-addition pathway. The 3D reconstruction of
confor-3 yielded enhanced density with an improved resolution
of 2.8 A (Figure S5B; Table S1). Therefore, the confor-3 recon-
struction was used for atomic model building (Figure 2C).
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Figure 1. Cryo-EM structure of the type I-F Pba-Csy complex
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(A) Schematic representation of the type I-F CRISPR-Cas locus from P. aterosepticum (Pba). The crRNA is shown with the 8-nt 5" handle (blue), 32-nt spacer (red),
and 3’ stem-loop (blue). The Cas genes are consecutively arranged in the genome and labeled with their respective names along the CRISPR array.

(B) Cryo-EM structure of the Pba-Csy complex. Two views are presented with a 180° rotation. The complex is composed of one Cas6f, one Cas5f, one Cas8f, and
six Cas7f proteins, with crRNA tethering the nine Cas protein subunits together. Each subunit is labeled and color-coded consistently with (A).

(C) Simplified diagram of the Pba-Csy complex illustrating the “G” shaped architecture. The Cas6f protein caps the 3’ hairpin, Cas5f-Cas8f heterodimer caps the
5’ handle, and the Cas7f proteins form a helical backbone along the crRNA spacer.

(D) The crRNA spacer showing the “kinks” induced by the Cas7f proteins at every 6-nucleotide interval. Specific kinks at nucleotide positions —1, 6, 12, 18, 24,

and 30 are highlighted.

(E) Close-up view of the Cas6f interaction with the 3’ hairpin of the crRNA, showing well-defined density for the 3’ hairpin region of crRNA.
(F) Model of the hook domain (dashed box) of Pba-Cas8f based on the superimposition of the Cas8f structure from the P. aeruginosa-Csy complex. The Cas8f
central domain, the helical bundle (HB) domain and Cas5f thumb domain of Pba-Csy complex are indicated.

Unlike the P. atrosepticum-Csy complex, RacrlF1-induced
aberrant subcomplexes consist of seven to nine Cas7f proteins
that oligomerize along the RacrlF1, forming a helical filament
along its length. This oligomerization transforms the original
“G” shape into either a “C” shape (confor-1) or an “S” shape
(confor-3) (Figures 2B and 2C). We modeled 69 nucleotides of
RacrlF1, including 32 nucleotides for pseudo-spacer (denoted
pseudo-spacer here to distinguish it from crRNA spacer), 20 nu-
cleotides for 3'-hairpin, and the 17 nucleotides for 5-handle
variant (denoted 5’-handle variant to distinguish it from the
crBNA 5'-handle) (Figures 2A and 2D). Similar to the binding

mode of six Cas7f proteins to crRNA, Cas7f proteins also oligo-
merize along RacrlF1, introducing deformations in the sugar-
phosphate backbone, and resulting in kinks at regular six-nucle-
otide intervals (Figure 2D). However, due to the presence of the
5'-handle variant, Cas7f.7 continues to oligomerize along
RacrlF1 toward its 5' direction, the remaining six nucleotides
are ordered across the web domain of the next Cas7 subunit.
Cas7£.8 binds subsequent RNA in the same manner, ultimately
dividing the RacrlF1-guide sequence in eight discrete segments
(Figure 2D). At positions —13, —7, —1, 6, 12, 18, 24, and 30 of
each segment, a nucleotide base is buried through interactions
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(A) Schematic representation of the RacrlF1 sequence from the T. violascens prophage, highlighting its secondary structure elements: the 17-nucleotide 5’ handle

variant, the 32-nucleotide spacer, and the 20-nucleotide 3’ hairpin sequence.

(B) Cryo-EM maps of confor-1 and confor-2 showing the arrangement of Cas7f subunits. In confor-1, seven Cas7f subunits are visualized, while confor-2 displays
the addition of an eighth Cas7f subunit. The Cas6f subunit and the 3’ hairpin are poorly resolved in these maps.

(C) Cryo-EM reconstruction of confor-3, displaying the stable assembly of nine Cas7f subunits. The different orientations provide a comprehensive view of the
complex architecture. The Cas6f subunit and the 3’ hairpin are partially resolved in this map.

(D) Topological representation of the RacrlF1 structure, indicating the locations of kinks at regular six-nucleotide intervals. Each segment buries a nucleobase of

RacrlF1 at positions —13, -7, —1, 6, 12, 18, 24, and 30.

(E) Upper: the Cas7f domain organization is depicted with different colors. The thumb domain is colored magenta, the palm domain green, the web domain blue,
and the fingers domain orange. Lower: one RacrlF1 segment interacts with the Cas7f fingers, palm, web, and thumb, colored as in the upper panel. The inset
shows the interaction between the thumb of Cas7f.9 (lavender), the web (blue), and o7 (orange) of Cas7{.8, and the a7 (gray) of Cas7f.7.

(F) Surface representation of the Cas7f spatial arrangement of the subunits. The inset provides a zoomed-in view of the interaction between Cas7f-6 and Cas7{-7.

Three interaction interfaces are indicated.
(G) Proposed model for the assembly of aberrant Cas subcomplexes.

with three consecutive Cas7 copies (e.g., Cas7{.7, Cas7f.8, and
Cas7f.9) (Figures 2D and 2E). The structure of a single Cas7f
molecule resembles a “right hand,” comprising distinct do-
mains: the fingers (residues 251-337), the palm (residues 87—
217), the thumb (residues 42-86), and a web domain loop (resi-
dues 218-250) interspersed between the fingers and thumb
(Figures 2E and S6). The interactions with the phosphate back-
bone of each RacrlF1 segment are primarily mediated by the
two a7 helices from neighboring Cas7f subunits, along with the
web and thumb regions (Figure 2E).

4 Molecular Cell 86, 1-15, January 22, 2026

Three interfaces mediate interactions between Cas7f.7 and
Cas7f.6 (Figure 2F). The first interface is formed between the
tip of the thumb of the Cas7f.7 subunit and the fingers of the
neighboring Cas7{.6 subunit (®). The second interface is formed
between the fingers of the Cas7{.7 subunit and the back of the
palm of the neighboring Cas7{.6 subunit (8). The third interface
is formed between the palm of the Cas7f.7 subunit and the front
of the palm of the neighboring Cas7f.6 subunit (®) (Figure 2F).
The conformations between Cas7f.4-6 and Cas7f.7-9 are
essentially identical (Figure S7A).
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Figure 3. Structural and functional analysis of RacrlF1 inhibition on the Pba-Csy complex

(A) Superimposition of the Pba-Csy complex with the aberrant Cas subcomplexes indicates that Cas7f.5 and Cas7f.6 subunits align well, but Cas5f (orange) from
the Pba-Csy complex clashes severely with Cas7f.7 (green) from the aberrant Cas subcomplexes, suggesting spatial incompatibility. The aberrant Cas sub-
complexes are presented as a surface model, while the Pba-Csy complex is presented as a cartoon model.

(B) Superimposition of crRNA with RacrlIF1 reveals slight rigid body movements of RacrlF1. The kinks and shifts in angstroms (A) at positions 30, 24, 18, 12, 6, and
—1 are indicated, showing a gradual increase in displacement from 0.9 Aat position 30 to 4.3 Aat position —1. These movements are highlighted with black
arrows showing the degrees of displacement.

(C) Comparison of the secondary structure sequences of crRNA and RacrIF1 indicates a high degree of similarity. crRNA is colored the same as in Figure 1A, and
RacrlF1 is colored in gray.

(D) Comparison of the tertiary structures of the 5" handle of crRNA and the 5’ handle variant region of RacrIF1 reveals highly similar orientations for the first five
bases, despite an overall positional shift. The 5’ handle is colored blue, and the 5" handle variant is colored gray. The nucleotide numbers are labeled.

(E) Upper: superimposition of the 5" handle of crRNA and Cas7{.6 in the Pba-Csy complex with the 5’ handle variant of RacrlF1 and Cas7f'.6 in the aberrant Cas
subcomplexes. Lower: a zoomed-in view of the superimposition of residues interacting with the 5’ handle of crRNA from Cas7£.6 in the Pba-Csy complex and the
5’ handle variant of RacrlF1 from Cas7f'.6 in the aberrant Cas subcomplexes. The Cas7f.6 and crBNA are colored red and blue, respectively, while the Cas7f.6

(legend continued on next page)
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In summary, we propose a model for the assembly of aberrant
Cas subcomplexes induced by RacrlF1 (Figure 2G). Initially, the
first six Cas7f subunits bind to RacrlF1 similarly to their interac-
tion with crRNA. However, the absence of a canonical 5’ handle
prevents the recruitment of Cas5f and Cas8f heterodimer, result-
ing in Cas7f oligomerization along the 5’ portion of RacrlF1. This
oligomerization continues, ultimately leading to the formation of
stable complexes containing seven to nine Cas7f subunits.

RacrIF1 5'-handle variant induce aberrant Cas
subcomplexes

To further elucidate the mechanism of the RacrlF1-mediated
inhibition on functional P. atrosepticum-Csy complex, we indi-
vidually defined the principal axis of the P. atrosepticum-
Csy complex and the aberrant Cas subcomplexes. The
P. atrosepticum-Csy complex exhibits a compact conformation
with a principal axis length of 115 A and a diameter of 140 A
(Figure S7B). In contrast, the aberrant Cas subcomplexes
display an expanded conformation with a principal axis length
of 142 A and a diameter of 134 A (Figure S7C). This indicates
that, while the diameters of the P. atrosepticum-Csy complex
and aberrant Cas subcomplexes are similar, their principal axis
lengths are remarkably different. This difference is primarily
attributed to the addition of three Cas7f subunits to the aberrant
Cas subcomplexes, which extends their length (Figure 2C). Su-
perimposition of the P. atrosepticum-Csy complex with the aber-
rant Cas subcomplexes shows that the subunits Cas7f.5 and
Cas7f.6 align well between the two structures. However, Cas5f
from the Pba-Csy complex severely clashes with Cas7f.7 from
the aberrant Cas subcomplexes, indicating that Cas5f and
Cas7f.7 subunits cannot coexist in the same spatial arrangement
(Figure 3A). Superimposition of crRNA with RacrlF1 reveals sig-
nificant rigid-body movements of RacrlF1, with the pseudo-
spacer sequence displacement gradually increasing from 0.9 A

Molecular Cell

at the flipped base position 30 to 4.3 A atthe flipped base posi-
tion —1 (Figure 3B). Comparison of the secondary structure
sequences of crRNA and RacrlF1 indicates a high degree of sim-
ilarity (Figure 3C). Examination of the tertiary structures of the 5’
handle of crRNA and the 5’ handle variant region of RacrlF1 re-
veals that the first five bases, despite an overall positional shift,
exhibit highly similar conformation (Figure 3D). Additionally, the
orientations of the amino acids in Cas7f.6 from the Pba-Csy
complex and Cas7f.6 from the aberrant Cas subcomplexes,
which interact with the 5’ handle of crRNA and the 5 handle
variant of RacrlIF1, via sequence non-specific interaction, are
similar (Figure 3E). This suggests that the binding pattern of the
first five bases (from —1 to —5) in the crRNA 5’ handle, and the
RacrlF1 5 handle variant, is highly conserved (Figure 3E). How-
ever, the last three nucleotides (—8C, —7U, and —6U) in the
crBNA 5" handle are splayed and fitted into base-specific binding
pockets formed by Cas5f (Figure 3F). In contrast, the last three
nucleotides (—8G, —7C, and —6G) in the RacrlF1 5 handle
variant remain ordered, continuing across the a7 helices and
the thumb of the next subunit via sugar-phosphate backbone-
mediated, non-specific interactions (Figure 2E).

To further understand why the 5" handle is specific to the Pba-
Csy complex, whereas the 5" handle variant is preferred by aber-
rant Cas subcomplexes, we modeled the 5’ handle into the cor-
responding position of the 5’ handle variant in Cas7f.6 and
Cas7f.7 within the aberrant Cas subcomplexes. The last three
nucleotides (—8C, —7U, and —6U) in the crRNA 5’ handle clash
severely with the Cas7f.7 subunit (Figure 3G). Similarly, when
modeling the 5’ handle variant into the corresponding position
of the 5" handle in Cas5f and Cas8f within the Pba-Csy complex,
the last two nucleotides (—8G and —7C) in the RacrlF1 5" handle
variant clash severely with the Cas5f and the harpoon of the
Cas8f subunit (Figure 3H). Therefore, the RacrlF1 5 handle
variant is disfavored for Cas5f-Cas8f binding but preferred

and RacrIF1 are colored green and yellow. The binding residues for the first five bases (from —1 to —5) in both the crBNA 5" handle and the RacrlF1 5’ handle
variant are shown as stick models and labeled.

(F) Cas5f is presented as a surface model, with the last three nucleotides (—8C, —7U, and —6U) in the crBNA 5’ handle shown as stick models. These three
nucleotides are splayed and fitted into base-specific binding pockets formed by Casb5f.

(G) Modeling the 5’ handle into the corresponding position of the 5" handle variant in Cas7f.6 and Cas7f.7 within the aberrant Cas subcomplexes. The Cas7f.6 and
Cas7{.7 subunits are shown as cartoon models, while the crBNA 5" handle is depicted as a spheres model.

(H) Modeling the 5’ handle variant into the corresponding position of the 5" handle in Cas5f and Cas8f within the Pba-Csy complex. The Cas5f, the harpoon of the
Cas8f subunit, and Cas7f are shown as cartoon models, while the RacrlF1 5’ handle variant is depicted as a sphere model.

(I) Left: SDS-PAGE gel showing the His-tag pull-down assay. (1) The elution of Cas6f, Cas7f, Cas5f, and Cas8f when the Cas5f-Cas8f heterodimer with a His-tag
added to Cas8f was co-expressed with Cas6f and Cas7f along with crRNA. (2) The elution of Cas6f, Cas7f, Cas5f, and Cas8f when the Cas5f-Cas8f heterodimer
with a His-tag added to Cas8f was co-expressed with Cas6f and Cas7f along with RacrlF1. The elution of Cas5f and Cas8f in the presence of RacrlF1 was more
evident than with crRNA, while the elution of Cas7f was less evident. (3) The elution of Cas6f, Cas7f, Cas5f, and Cas8f when Cas6f with a His-tag added to Cas7f
was co-expressed with Cas5f and Cas8f along with crRNA. (4) The elution of Cas6f, Cas7f, Cas5f, and Cas8f when Cas6f with a His-tag added to Cas7f was co-
expressed with Cas5f and Cas8f along with RacrlF1. The elution of Cas5f and Cas8f in the presence of RacrlF1 was almost undetectable, while the elution of
Cas7f was comparable to crRNA. Right: corresponding RNAs extracted from the same purified complexes and visualized by SYBR gold staining. The RNA gel is
presented alongside the SDS-PAGE protein gel to allow direct comparison of protein and RNA components within each complex, thereby facilitating inter-
pretation of RNA-protein associations.

(J) EMSA demonstrating the binding affinity of the Cas5f-Cas8f heterodimer to crRNA or RacrlF1. The differences in binding affinity are outlined in a red box.
Casbf-Cas8f was titrated at concentrations of 0.2-8 pM against a fixed crRNA/RacrlF1 concentration of 0.25 uM.

(K) EMSA demonstrating the binding affinity of the Cas5f-Cas8f heterodimer to the 5’ handle and 5’ handle variant. The sequence of the 5" handle and 5’ handle
variant are displayed, with nucleotides color-coded in blue and gray, respectively. Cas5f-Cas8f was titrated at concentrations of 0.2-8 uM against a fixed RNA
concentration of 0.25 uM, as in (J).

(L) EMSA demonstrating the binding affinity of the Cas5f-Cas8f heterodimer to the 5" handle S (where the last three nucleotides in the 5" handle were swapped with
the corresponding nucleotides from the 5" handle variant) and 5’ handle variant S (where the last three nucleotides in the 5 handle variant were swapped with the
corresponding nucleotides from the 5" handle). The swapped nucleotides are outlined in a red box. The concentrations of Cas5f-Cas8f and RNA used in this assay
are identical to those described in (J).
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by Cas7f, thus leading to the formation of aberrant Cas
subcomplexes.

Our structural analysis was confirmed by a His-tag pull-down
assay. When the Cas5f-Cas8f heterodimer, with a His-tag added
to Cas8f, was co-expressed with Cas6f and Cas7f together with
crRNA and RacrlF1, the His-tag-pull-down elution of Cas5f and
Cas8f in the presence of RacrlF1 was even more prominent than
that observed with crRNA, whereas the elution of Cas7f was less
pronounced compared with the crRNA condition (Figure 3I; lane
2). The corresponding RNA gels showed that a substantial
amount of crRNA was also pulled down, whereas only a trace
amount of RacrlF1 was detected (Figure 3l; lane 5). This result
explains why the elution of Cas7f was less evident in the pres-
ence of RacrlF1 than with crRNA. Conversely, when Cas6f,
with a His-tag added to Cas7f, was co-expressed with Cas5f
and Cas8f together with crBRNA and RacrlF1, the His-pull-down
elution of Cas5f and Cas8f in the presence of RacrlF1 was signif-
icantly reduced, while the elution of Cas7f remained comparable
to that with crRNA (Figure 3I; lane 4). The corresponding RNA
gels showed nearly equal amounts of crRNA and RacrlF1 RNA
(Figure 3l, lane 8); however, the Cas5f-Cas8f signal was mark-
edly decreased, further supporting that RacrlF1 interferes with
their binding (Figure 3I, lane 4).

The electrophoretic mobility shift assay (EMSA) further dem-
onstrates that the binding affinity of the Cas5f-Cas8f hetero-
dimer to crRNA or the 5’ handle is significantly stronger than to
RacrlF1 and the 5’ handle variant (Figures 3J and 3K). The %
handle variant almost completely loses its binding affinity to
the Cas5f-Cas8f heterodimer (Figure 3K). Notably, when the
last three nucleotides of the 5 handle variant were replaced
with the corresponding nucleotides from the 5’ handle (named
5’ handle variant-S), its binding affinity to the Cas5f-Cas8f heter-
odimer improved significantly, becoming comparable to that of
the 5’ handle (Figure 3L). Conversely, when the last three nucle-
otides of the 5’ handle are swapped with the corresponding nu-
cleotides from the 5’ variant (denoted as 5’ handle -S), its binding
affinity significantly decreases, resulting in almost no binding to
Cas5f-Cas8f heterodimer (Figure 3L).

To further investigate the impact of alternative sequences in
the 5’ handle on the binding affinity to the Cas5f~Cas8f hetero-
dimer, we synthesized various 5’ handle variants and conducted
EMSA experiments. When the last three nucleotides, CUU, were
kept unchanged and the remaining five nucleotides of the 5
handle were randomized (named CUU1 and CUU2), the binding
affinity was nearly identical to that of the wild-type 5 handle
(Figure S7D). However, when the last three nucleotides of the
5’ handle were randomized, while the remaining five nucleotides
were fixed (named AGAAA1 and AGAAA?2), the binding affinity
was significantly reduced, with the AGAAA2 variant nearly losing
its ability to bind to the Cas5f-Cas8f heterodimer (Figure 7E).
Furthermore, when the entire 5’ handle sequence was randomi-
zed—meaning both the last three nucleotides and the remaining
five nucleotides were altered—both variants lost their ability to
bind to the Cas5f-Cas8f heterodimer (Figure S7F).

These results further confirm that the CUU sequence plays an
essential role in specific binding, acting as a key determinant for
the interaction with the Cas5f-Cas8f heterodimer, while the
AGAAA sequence contributes minimally, primarily facilitating

¢? CellPress

non-specific binding. Additionally, we synthesized 5’ handle se-
quences from type I-F CRISPR-Cas system crRNAs derived
from different sources, including P. aeruginosa (PDB: 6B45)
and Vibrio phage ICP1_2011 (PDB: 7WWU). These sequences
are highly conserved, particularly the CUU sequence at positions
from —8 to —5. As anticipated, their binding affinity for the Cas5f—
Cas8f heterodimer was comparable to that of the 5’ handle
crRNAs from P. atrosepticum (Figure S7G).

Competitive mechanism between Csy and RacrlF1-
induced aberrant complexes

To directly test whether Racrs can cause the disassembly of the
pre-assembled Csy complex, we purified and assembled the
Pba-Csy complex, which was subsequently concentrated and
incubated with RacrIF1 at a 1:3 molar ratio in vitro, followed by
further purification using gel filtration chromatography. Urea-
PAGE analysis showed no detectable incorporation of RacrlF1
into the Csy complex (Figure 4A). Consistently, SDS-PAGE anal-
ysis revealed that the protein composition of the pre-assembled
Csy complex remained unchanged following RacrlF1 addition,
indicating that RacrlF1 does not disassemble the pre-formed
complex (Figure 4A). Together, these results demonstrate that
Racrs cannot disrupt assembled surveillance complexes. In
contrast, Racrs inhibit CRISPR-Cas function by competing with
crRNAs for shared Cas components during complex assembly,
thereby shifting the equilibrium between functional and aberrant
complexes and ultimately preventing the formation of active sur-
veillance complexes. To test this model, we co-expressed the
Csy functional complex and the Racrs-induced aberrant com-
plex using three separate plasmids (pQE60-cas8f-cas5f-His-
cas7f, pRSFDuet-cas6f-RacrlF1, and pACYCDuet-crRNA), al-
lowing RacrlF1 and crRNA to compete for Cas proteins during
the assembly process. The purified sample contained both the
functional and aberrant Csy complexes, which could not be fully
resolved by gel filtration chromatography (Figure 4B). Nucleic
acid gel analysis revealed the presence of both crRNA and
RacrlF1 within the same preparation, indicating that the func-
tional and aberrant complexes coexisted in the purified mixture
(Figure 4B). These results provide strong evidence for a compe-
tition-based mechanism in which Racrs and crRNAs assemble
with the same pools of Cas proteins.

To directly assess whether Racrs are capable of inactivating
the assembled CRISPR complex, we performed nuclease activ-
ity assay using double-stranded DNA (dsDNA) bubble sub-
strates, following the approach established previously.® As ex-
pected, the Cas1-2/3 complex alone exhibited no DNA cleavage
activity, consistent with Cas1-mediated inhibition of Cas2/3
nuclease activity (Figure 4C). Addition of the functional Csy com-
plex restored cleavage of the bubbled DNA substrate, confirm-
ing that DNA-bound Csy activates the Cas1-2/3 nuclease
(Figure 4C), as reported earlier,”® whereas the Racrs-induced
aberrant complex lacks DNA cleavage activity, confirming its
non-functional state (Figure 4C). Consistent with our previous
observation that Racrs do not dismantle preassembled surveil-
lance complexes, RacrlF1 did not inhibit the nuclease activity
of the fully formed functional Csy complex (Figure 4D). However,
mixtures derived from the co-expression of the Csy functional
complex and the Racrs-induced aberrant complex (containing
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Figure 4. In vitro assembly and in vivo co-expression analyses reveal the competitive mechanism between Csy and RacrlF1-induced aber-
rant complexes

(A) The preassembled Csy complex (left) was incubated with an excess of RacrlF1 RNA (1:3 molar ratio) and reanalyzed by gel filtration chromatography (middle).
The chromatogram (middle) shows two distinct peaks, corresponding to the intact Csy complex and the separately eluting RacrlF1 RNA. SDS-PAGE (middle) of
the peak fractions confirms that RacrlF1 does not disassemble the preformed Csy complex. Nucleic acid gel analysis (right) confirms that RacrlF1 is absent from
the Csy complex.

(B) Co-expression of RacrlF1 with the Csy subunits resulted in the formation of both functional and aberrant Csy complexes. The purified sample contained a
mixture of these assemblies, which could not be completely separated by gel filtration chromatography. Nucleic acid gel (right) analysis revealed the coexistence
of crRNA and RacrlF1 within the same preparation, confirming that both functional and aberrant Csy complexes were present in the purified mixture.

(C) Nuclease activity assays were performed using bubbled dsDNA substrates for crRNA and RacrlF1. Purified Cas1-Cas2/3 (0.5 pM) complexes were incubated
with the indicated DNA substrates (0.04 pM) in the presence or absence of the functional or aberrant Csy complexes (0.32 pM) for the indicated times (0, 10, 30,
and 60 min). Reaction products were analyzed by urea-PAGE and visualized by fluorescence imaging.

(D) Nuclease activity assays of the functional Csy complex (0.32 pM) in the presence of increasing concentrations of RacrlF1 (0-3.2 uM). Cas1-Cas2/3 (0.5 pM)
and bubbled DNA substrates (0.04 pM) were included and indicated in all reactions. Reaction products were analyzed by urea-PAGE and visualized by fluo-
rescence imaging.

(E) Nuclease activity assays using mixtures containing both of functional and aberrant Csy complexes (0.32-2.56 pM). Cas1-Cas2/3 (0.5 pM) and bubbled DNA
substrates (0.04 pM) for crBNA were included in all reactions. Reaction products were resolved by urea-PAGE and visualized by fluorescence imaging.

both functional and aberrant Csy assemblies) exhibited a pro-
nounced reduction in DNA cleavage activity. Only when the total
complex concentration was increased to approximately 10-fold
higher than that of the functional Csy complex alone did we
observe a comparable level of nuclease activity (Figure 4E).
These findings demonstrate that co-expression of Racrs mark-
edly inhibits CRISPR-Cas function in vitro by competitively
sequestering essential Csy components in vivo.

Collectively, our results demonstrate that RacrlF1 preferen-
tially binds to Cas7f rather than the Cas5f-Cas8f heterodimer
due to 5’ handle variant, thereby yielding the aberrant Cas sub-
complexes. These findings support a competition-based mech-
anism in which Racrs and crRNAs assemble using the same

8 Molecular Cell 86, 1-15, January 22, 2026

pools of Cas proteins. In addition, our structural and biochemical
data explain why Racrs-induced complexes fail to support
primed adaptation, as reported previously.>> RacrlF1 forms an
aberrant Csy subcomplex lacking Casb5f-Cas8f, which is
required for DNA targeting and recruitment of the Cas1-Cas2/3
adaptation module. Consequently, these defective assemblies
are unable to activate Cas2/3 or mediate spacer acquisition, ex-
plaining the loss of primed adaptation in Racrs-expressing cells.

Architecture of Cas7f filament assembly

During 2D classification, we observed a subset of particles
forming superhelical solenoid structures in samples expressing
type I-F Pba-cascade with RacrlF1 (Figure S5). Through 3D
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A Cas7f-RNA solenoid(Solenoid-1)

Figure 5. The architecture Cas7f filament assembly
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(A) Density maps and fitted models of solenoid-1 viewed from different angles (90° and top views). The refined helical parameters are a twist of —50.03° and a
pitch of 80.72 A, corresponding to the periodic rise and rotation between adjacent Cas7f subunits. Cas7f subunits are alternately colored blue and white, and
nucleic acids are depicted in gray.

(B) Left: schematic representation of the random sequence of the nucleic acids within the solenoid formed by Cas7f subunits. The kinks and flipped nucleotide
(colored by red) are indicated. Right: model showing the helical arrangement of Cas7f subunits (alternating blue and light pink) along the nucleic acid strand (pink).
The numbers indicate the sequential arrangement of Cas7f subunits.

(C) Cryo-EM micrographs and 2D class averages of Cas7f-RacrlF1 sample filaments. Left: a representative cryo-EM micrograph. Right: various 2D class av-
erages of Cas7f-RacrIF1 filaments.

(D) Left: SDS-PAGE of co-expression of Cas6f, RacrlF1, and Cas7f (lane 1), the co-expression of Cas7f and RacrlF1 (lane 2). Right: urea-PAGE of the same

samples as shown in the SDS-PAGE. The smear band indicating the presence of non-specific nucleic acids and the absence of RacrlF1.

reconstruction, we revealed that these helical tubing structures
were constituted by numerous Cas7f copies. To enhance the
overall resolution and structural consistency, helical symmetry
was imposed during the reconstruction, as detailed in the
STAR Methods section, and we termed this Cas7f-RNA solenoid
(solenoid-1) conformation (Figure 5A). Using Chimera, we
modeled Cas7f subunits and random nucleic acids for rigid-
body fitting, and the fitted model was then refined as described
in the STAR Methods (Figure 5B). The random nucleic acids

adopted a conformation similar to confor-3, as described in
The structures of aberrant Cas subcomplexes (Figure 2), with
Cas7f subunits oligomerizing along the nucleic acid. These sub-
units extend from an initial nine-subunit assembly into an effec-
tively infinite filament (Figure 5B). Notably, despite performing
focused classification on the ends of the filament, we did not
observe any density corresponding to Cas6f or the 3’ stem
loop. The helical tubes have infinite ends extending toward
both directions with Cas7f copies only.
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To further confirm this finding, we designed a construct ex-
pressing only Cas6f, RacrlF1, and Cas7f (Figures S1B and
S1C). Cryo-EM analysis of this construct sample also revealed
helical tube conformations consisting solely of Cas7f, without
density for Cas6f in our 3D reconstruction (solenoid-2)
(Figures S2B, S2E, and S8A). To compare the structural organi-
zation of the two solenoids, we superimposed the solenoid-2
and solenoid-1 models. The overlay revealed a nearly identical
helical arrangement between the two assemblies, demon-
strating a high degree of structural similarity and conservation
in their overall helical organization (Figure S8A). This suggests
that Cas7f independently binds to nucleic acids without the
involvement of Cas6f, and the bound nucleic acids are likely
non-specific rather than RacrlF1.

To test this hypothesis, we expressed Cas7f and RacrlF1 and
subjected the samples to cryo-EM analysis. Micrograph analysis
revealed that a significant fraction of Cas7f-RacrIF1 particles ex-
hibited filament-like assemblies (Figure 5C). 2D classification of
these filaments revealed varying segments similar to the
solenoid-1 and solenoid-2, here named Cas7f-RNA solenoid
(solenoid-3) (Figures S2C and S2F). When performing rigid-
body fitting of the solenoid-1 model into the EM density of
solenoid-3, the positions of the model aligned well with the
solenoid-3 density (Figure S8B).

Our analysis confirmed that the three helical tube conforma-
tions were likely formed by Cas7f with non-specific nucleic
acids, without the involvement of Cas6f. This hypothesis was
further validated by urea-PAGE analysis, which revealed that
the Cas7f-RacrlF1 sample did not contain RacrlF1, but instead
exhibited a smear band indicative of a large amount of non-spe-
cific nucleic acids (Figure 5D). This observation is consistent with
previous studies showing that Csy3 (Cas7f), or Csy3 co-ex-
pressed with mutant Csy4 (Cas6f) along with crRNA, purifies
as a large oligomeric complex containing non-specific RNA.*’

To further demonstrate that Cas6f-mediated cleavage is highly
conserved and essential for the assembly of both the crRNA-
guided surveillance complex (Csy complex) and RacrlF1-
induced aberrant subcomplexes, we analyzed the Cas6f-RNA
interface in detail. Building upon the observed structural similar-
ity, sequence conservation, and prior functional validation of key
residues involved in crRNA recognition®”™° (Figures S9A and
S9B), we investigated how Cas6f engages with the 3’ hairpin of
crRNA or RacrlF1 (Figures S9C-S9J). Specifically, an arginine-
rich « helix of Cas6f inserts into the major groove of the hairpin
stem, forming an extensive hydrogen bond network with the
phosphate backbone of the 5’ strand through multiple arginine
residues (R108 and R111), while the side chain of Arg112 forms
a specific hydrogen bond with the base of G11. In addition,
Cas6f recognizes the two terminal base pairs of the stem-loop
via a direct readout mechanism, forming base-specific hydrogen
bonds between the major groove faces of A19 and G20 and the
side chains of GIn101 and Arg99, respectively. The aromatic side
chain of Phe152 stacks beneath the terminal base pair, thereby
stabilizing the local conformation and positioning the scissile
phosphate within the active site. Following cleavage, the result-
ing phosphate group forms hydrogen bonds with the side chain
of His29. Furthermore, the ribose ring of G20 adopts a C2’-endo
sugar pucker conformation, and its 2’-hydroxyl group engages in
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hydrogen bonding interactions with Ser145 and Tyr173. These
interactions provide a structural basis for the high specificity of
Cas6f in recognizing and cleaving pre-crRNA and or pre-Ra-
crlF1, thereby ensuring precise processing of crRNA or Racrs
without off-target effects. These interactions also provide a
structural explanation for the loss of Cas6f binding and RacrlF1
inhibition caused by the C6G/G20C inversion at the base of the
RacrlF1 stem, as reported previouly.>® By removing the guano-
sine at position 20, which is directly read out by R99 and stacked
against F152, the mutation reverses the major-groove donor/
acceptor pattern, dismantles the R99-G20 hydrogen-bonding
network and the terminal base-pair stacking platform for F152,
and perturbs the active-site geometry that enforces the G20
C2’-endo conformation and positions the scissile phosphate.
Consequently, a productive Cas6f-RNA complex cannot form;
therefore, cleavage is abrogated.

DISCUSSION

Notably, the physiological relevance of the Cas7f filament struc-
ture formed on non-specific RNA remains unclear, and such as-
semblies are likely biologically irrelevant, as such structures are
unlikely to form under normal physiological conditions. In vivo, un-
controlled filament formation could be detrimental to the cell,
imposing a substantial metabolic burden. Moreover, excessive
polymerization of Cas7f on random RNAs would sequester
Cas7f proteins and interfere with the assembly of functional
CRISPR-Cas complexes. Therefore, cells are likely to employ reg-
ulatory mechanisms to restrict Cas7f filamentation, ensuring that
polymerization occurs only on cognate crRNA or Racr substrates,
and preventing non-productive interactions with non-specific
RNAs. We propose several plausible regulatory mechanisms
that could operate in vivo to restrict non-specific Cas7f filamenta-
tion. First, Cas6f-mediated cleavage is essential for the assembly
of the crRNA-guided surveillance complex (Csy complex) and
RacrlF1-induced aberrant subcomplexes, both of which involve
Cas7f. The requirement for mature, Cas6f-cleaved crRNA or
RacrlF1 as a prerequisite for the formation of functional complexes
provides an efficient natural filtering mechanism in vivo. This pro-
cess likely prevents promiscuous filament formation by Cas7f on
non-specific RNAs, which are not recognized or processed by
Cas6f. Previous studies have demonstrated that Csy4 (Cas6f)
binds crRNA with exceptionally high affinity (Kp ~ 50 pM).*® This
high affinity and specificity likely reduce the binding of non-
cognate RNA by restricting Cas7f recruitment to properly pro-
cessed and folded crBRNA or RacrlF1, while minimizing interac-
tions with non-specific RNAs.*° We also performed Cas7{- and/
or Cas6f-binding affinity measurements for crRNA, RacrlF1, and
non-specific RNA. Both in the presence and absence of Cas7f
and/or Cas6f, the binding affinity of Cas7f and/or Cas6f for crRNA
and RacrlF1 was significantly higher than for non-specific RNA,
regardless of the presence of Cas6f and/or Cas7f (Figures 6A-
6C). These data confirm that Cas7f, Cas6f, and Cas7f-Cas6f pref-
erentially binds to mature crRNA and RacrIF1 in vitro, with minimal
binding to non-specific RNA. Consequently, the binding prefer-
ence of Cas7f ensures that filament formation is restricted to
appropriate crRNA or RacrlF1 targets, thereby preventing filament
formation on non-specific cellular RNAs. Second, we employed an
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Figure 6. Binding analysis of Cas6f and Cas7f with RNA substrates and the effect of Cas7f on Cas6f-RNA complex formation
(A) EMSAs showing Cas7f and Cas6f binding to crRNA at increasing protein concentrations (0-8 pM Cas6f; 0-16 pM Cas7f). Reactions were also performed by
pre-incubating Cas6f with crRNA to assess the effect of Cas7f on Cas6f-crRNA complex formation. Complexes were resolved on native polyacrylamide gels and

visualized by fluorescence imaging.

(B) EMSASs showing Cas7f and Cas6f binding to RaclF1 at increasing protein concentrations (0-8 pM Cas6f; 0-16 uM Cas7f). Reactions were also performed by
pre-incubating Cas6f with RaclF1 to assess the effect of Cas7f on Cas6f-RaclF1 complex formation.

(C) EMSAs showing Cas7f and Cas6f binding to non-specific RNA at increasing protein concentrations (0-8 pM Cas6f; 0-16 pM Cas7f). Reactions were also
performed by pre-incubating Cas6f with non-specific RNA to assess the effect of Cas7f on Cas6f-non-specific-RNA complex formation.

overexpression system for Cas7f, which could lead to excessive
accumulation of Cas7f protein, leading to the formation of Cas7f
filaments on non-specific RNA. However, in a natural cellular envi-
ronment, the CRISPR-Cas operon is tightly regulated to maintain a
balanced expression of Cas proteins. Both transcriptional and
post-transcriptional regulation play crucial roles in controlling
CRISPR-Cas systems across many bacterial genomes.*® This
regulatory mechanism prevents overproduction Cas proteins,
which could otherwise trigger autoimmunity or cause deleterious
effects, thereby imposing a significant metabolic burden on the
host.?®°" For instance, in P. atrosepticum, the expression of the
type I-F CRISPR-Cas system is tightly controlled by the CRP-
cAMP complex in response to glucose availability. The CRP-
cAMP complex activates the cas7 promoter, initiating the expres-
sion of the entire cas operon.®® These transcriptional regulatory
mechanisms regulate not only the interference stage but also
the adaptation stage, ensuring a coordinated and efficient defense
response against horizontally acquired genetic elements.*?-°%:
Therefore, it is likely that the latent polymerization ability of Cas7f
to form extended filaments on non-cognate RNAs is suppressed
by these system-level regulatory mechanisms. Finally, although
Cas7f filament structure on non-specific RNA may appear biolog-
ically irrelevant, the RacrlF1 processed by Cas6f forms a “func-
tional aberrant Cas subcomplex,” which is biologically significant.
Given that Cas7f can non-specifically bind nucleic acids and form
long filaments, it could theoretically oligomerize infinitely along
Racrs, depending on the length of the Racrs. For instance, in a

type I-C Racr (RacrlC1), it is likely that Cas7f could bind more units
compared with RacrlF1, as RacrIC1 is longer than RacrlF1.%° The
oligomerization of Cas7f on these nucleic acids sequesters Cas6f
and Cas7f from their target sites, thereby obstructing the forma-
tion of functional CRISPR-Cas effector complexes and ultimately
impairing the antiviral immune response. Collectively, our findings
demonstrate that the formation of RacrlF1 aberrant Cas subcom-
plexes requires Cas6f-catalyzed cleavage of pre-RacrlF1 tran-
scripts (Figure 5D), while the Cas7f solenoid complex forms
without the involvement of Cas6f.

Phages and MGEs have evolved diverse Acr mechanisms to
evade bacterial CRISPR-Cas immunity. Most known type I-F
Acr proteins inhibit the fully assembled Csy complex by block-
ing DNA binding or preventing Cas2/3 recruitment.” In
contrast, AcrlF25 represents a mechanistically distinct strategy:
it binds directly to Cas7f and dismantles the pre-assembled
Csy complex by sequentially removing Cas7 subunits in an
ATP-independent manner, exposing the crBNA to nuclease
attack, and thereby likely causing irreversible inactivation of
the complex.”® By comparison, RacrlF1 adopts a fundamen-
tally different, RNA-based inhibitory strategy that acts up-
stream of complex assembly. By mimicking the CRISPR
repeat, RacrlF1 is recognized and processed by Cas6f, but
the absence of a canonical 5 handle prevents recruitment of
Casb5f/Cas8f, and instead promotes an aberrant Cas6f-Cas7f
subcomplex that sequesters Cas proteins, thereby blocking
cascade formation, interference, and primed adaptation.
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Figure 7. Proposed model for RacrlF1-mediated inhibition of CRISPR-Cas immunity

Mechanistically, RacrlF1 diverts Cas proteins into non-produc-
tive assemblies rather than disassembling mature complexes.
These two strategies exemplify complementary paradigms of
CRISPR-Cas inhibition: protein-based Acrs, such as AcrlF25,
irreversibly disassemble existing effectors, whereas RNA-
based inhibitors, such as RacrlF1, act as molecular decoys to
competitively divert Cas proteins into non-productive assem-
blies. The frequent co-localization of racr and acr genes within
prophage loci further suggests that RNA- and protein-based
Acrs may function synergistically to ensure robust, multilayered
suppression of CRISPR-Cas immunity.

Conclusions

Combining our structural and functional studies, we propose a
working model for Racrs-mediated inhibition of CRISPR-Cas im-
munity (Figure 7). In a functional Pba-CRISPR-Cas complex,
crRNA, bound by Cas6f, serves as a scaffold for Csy complex
assembly. The Csy complex recognizes phage DNA and recruits
the endonuclease Cas2/3, which degrades the non-target strand
to prevent phage infection, thereby maintaining the host’s immu-
nity. When RacrlF1 is expressed from the phage genome, it in-
duces the formation of aberrant complexes containing 7-9
Cas7f subunits due to the 5’ handle variant. Cas7f preferentially
forms solenoid structures and can theoretically oligomerize infi-
nitely along Racrs, depending on the length of the Racrs. This
extensive oligomerization significantly competes with endoge-
nous crRNAs for Cas components, tipping the balance and pre-
venting the formation of functional antiviral CRISPR-Cas effector
complexes. As a result, antiviral immunity is blocked, leaving the
host susceptible to infection.

Limitations of the study

Our results provide strong evidence for a competition-based
mechanism in which Racrs and crRNAs assemble with overlap-
ping pools of Cas proteins. However, we did not directly demon-
strate a key element of this model—specifically, that Racrs
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sequester sufficient Cas7f to deplete the protein from cells and
prevent the formation of functional surveillance complexes.
This limitation arises because the total cellular pool of Cas7f ap-
pears essentially constant, and competition between Racrs and
crBNAs likely redistributes Cas7f into distinct assemblies
without altering its overall abundance, making direct quantifica-
tion of Cas7f reduction technically challenging. Nonetheless,
direct measurement of Cas7f sequestration under endogenous
expression conditions remains an important objective for future
studies. Furthermore, our experiments were conducted under
protein and RNA overexpression conditions, which may not
accurately reflect endogenous expression levels. Future investi-
gations, employing quantitative analyses with endogenously
expressed and tagged Cas proteins, will be essential to evaluate
Racr-mediated Cas7f sequestration and its impact on surveil-
lance complex assembly under native physiological conditions.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli strain BL21 (DE3) NEB Cat# C2527

E. coli DH5a Vazyme Cat# C505-02
Chemicals, peptides, and recombinant proteins

Kanamycin Sulfate INALCO Cat#1758-9316

IPTG INALCO Cat#1758-1400
Ampicillin Sodium Salt INALCO Cat#1758-9314
Prestained Protein Marker Vazyme Cat#MP102-01
Phenylmethyl sulfonyl fluoride MACKLIN Cat#P815753

TCEP MACKLIN Cat#T7819166
Chloramphenicol Solarbio Cat#C8050

EDTA Solarbio Cat#E1170

MgCl, - 6H,O Merck Cat#930989

Dpnl Thermo Scientific FD1703

Critical commercial assays

SYBR™ Gold Invitrogen Cat#S11494

2 x Phanta Flash Master Mix Vazyme Cat#P510

Urea-PAGE Gel Wshtbio Cat#E301U15F
In-Fusion® HD Cloning Kit TaKaRa Cat#639649

Deposited data

Structure of Pba-Csy This paper PDB: 9IRF; EMD-60812
Structure of Confor-3 This paper PDB: 9IRI; EMD-60815
Solenoid-1 This paper PDB: 9IRG; EMD-60813
Solenoid-2 This paper PDB: 9XCG; EMD-66731
Solenoid-3 This paper PDB: 9XCF; EMD-66729
Confor-1 This paper EMD-60817

Confor-2 This paper EMD-60819
Oligonucleotides

See Table S4 Genscript N/A

Recombinant DNA

pQEG60-cas8f-cas5f-cas7f This paper N/A
PRSFDuet-His-cas6f-crRNA This paper N/A
pRSFDuet-His-cas6f-RacrlF1 This paper N/A
pQE60-His-cas8f-cas5f-cas7f This paper N/A
pQE60-cas8f-cas5f-His-cas7f This paper N/A

pQE60-cas7f This paper N/A
pET28a-His-sumo-cas7f This paper N/A

pRSFDuet-RacrlF1 This paper N/A

pRSFDuet-crRNA This paper N/A
pRSFDuet-cas6f-crRNA This paper N/A
pRSFDuet-cas6f-RacrlF1 This paper N/A
pRSFDuet-His-cas6f This paper N/A
pET28a-His-cas8f-cas5f This paper N/A
pETDuet-His-cas1-cas2/3 This paper N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
PACYCDuet-crRNA This paper N/A
pRSFDuet-cas6f This paper N/A

Software and algorithms

cryoSPARC Punjani and Fleet™ https://cryosparc.com/

Phenix Liebschner et al.”® https://phenix-online.org/

COOT Emsley and Cowtan®® https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

UCSF Chimera Pettersen et al.”” https://www.cgl.ucsf.edu/chimera/

UCSF ChimeraX Pettersen et al.”® https://www.rbvi.ucsf.edu/chimerax/

PyMOL Schrodinger https://pymol.org/2/

Origin 8.0 OriginLab https://www.originlab.com/

Other

Ni-NTA Agarose QIAGEN Cat#30230

Superdex 200 Increase 10/300 GL Cytiva Cat#28-9909-44

HiTrap Heparin HP Cytiva Cat#17040701

HiTrap Q HP Cytiva Cat#17115301

Amicon concentrators (30K) Millipore Cat#UFC903024

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains and culture conditions

Escherichia coli DH5a cells were used for cloning construction and plasmid extraction. Escherichia coli BL21(DE3) cells were used for
expressing recombinant proteins. All the strains were grown in LB medium at 37 °C. The final concentrations of antibiotics were used
as follows: Kanamycin, 50 pg/mL; Ampicillin, 100 pg/mL; Chloramphenicol, 30 pg/mL.

METHOD DETAILS

Plasmid construction

The operon encoding Cas8f, Cas5f, and Cas7f was synthesized by GenScript and subsequently cloned into the pQEG0 vector between
the Munl and Hindlll restriction sites to produce plasmid pQE60-cas8f-cas5f-cas7f, incorporating a ribosome binding site sequence at
the N-terminus of the genes. Individually synthesized RacrlF1 and crRNA were subsequently cloned into the pRSFDuet-1 vector. The
insertion was carried out at the Ndel and XmaJl restriction sites located within the MCS2 region, resulting in the construction of
pRSFDuet-crRNA and pRSFDuet-RacriF1, respectively. The cas6f gene, synthesized by GenScript, was PCR-amplified and cloned
into the pRSFDuet-1 vector at the BamHI and Hindlll restriction sites or Nco1 and Hindlll within MCS1, which already contained
RacrlF1 or crRNA in MCS2, to produce the His-tagged or non-tagged Cas6f-RacrlF1/crRNA (pRSFDuet-His-cas6f-RacrlF1/crRNA
or pRSFDuet-cas6f-RacrlF1/crRNA). For the expression of the Cas7f-RacrlF1 complex, the cas7f gene was PCR-amplified and cloned
into the pRSFDuet-1 vector at the BamHI and Hindlll restriction sites within MCS1, while Racr/F1 was already cloned into MCS2 to
produce pRSFDuet-His-cas7f-RacrlF1. To express the Cas6f-Cas7f-RacrlF1 complex, the plasmid for expressing Cas7f was con-
structed by deleting the cas8f-cas5f genes from the pQE60-cas8f-cas5f-cas7f vector, resulting in the pQE60-cas7f plasmid. This
plasmid was used to co-express the pRSFDuet-His-cas6f-RacrlF1. For the expression of the Cas8f-Cas5f complex, the cas8f-cas5f
gene was cloned into the pET28a vector at the Ndel and Xhol restriction sites to produce pET28a-His-cas8f-cas5f. For the His-pull
down assay, His tags were added to the N-termini of Cas8f or Cas7f on the plasmid pQE60-cas8f-cas5f-cas7f using a site-directed
mutagenesis strategy to produce pQE60-His-cas8f-cas5f-cas7f or pQE6G0-cas8f-cas5f- His-cas7f. This modified plasmid was then
co-expressed with non-tagged pRSFDuet-cas6f-RacrlF1/crBNA. For the co-expression of RacrlF1 and the Csy complex, the plasmid
pACYCDuet-crRNA was constructed. To express Cas7f, the corresponding gene was cloned into the pET28a-His-sumo vector. For the
expression of Cas1-Cas2/3 proteins, the cas? and cas2/3 genes synthesized by GenScript were inserted into the pETDuet-1 vector
between the BamHI/Hindlll and Ndel/Xhol restriction sites, respectively, resulting in the construction of the pETDuet-His-cas1-cas2/
3 plasmid. The complete list of synthesized genes and primers can be found in Tables S2 and S8.

Protein expression and purification

To express and purify the Pba-Csy complex and aberrant Cas subcomplexes, the pQE60-cas8f-cas5f- His-cas7f and either
pRSFDuet-cas6f-RacrlF1/crBNA plasmids were co-transformed into E. coli BL21(DE3) cells. These cells were selected using
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kanamycin and ampicillin resistance. The E. coli BL21(DE3) cells were cultivated in LB medium at 37°C with shaking at 180 rpm until
the optical density at 600 nm (OD600) reached 0.8. Protein expression was induced by adding isopropyl-p-D-thiogalactopyranoside
(IPTG) to a final concentration of 0.25 mM, followed by incubation at 18°C with shaking at 160 rpm for 16 hours. The cells were har-
vested by centrifugation at 3,470xg for 10 minutes at 4°C, and resuspended in lysis buffer containing 50 mM HEPES (pH 7.4),
300 mM KCI, 10 mM imidazole, 5% glycerol, and 1 mM phenylmethylsulfonyl fluoride (PMSF). The cells were lysed by sonication
and centrifuged at 40,000 x g for 60 minutes at 4°C. The supernatant containing the soluble proteins was collected and incubated
with Ni-NTA resin pre-equilibrated with the lysis buffer. The resin was washed with lysis buffer to remove non-specifically bound pro-
teins, and the target proteins were eluted with elution buffer containing 20 mM HEPES (pH 7.4), 100 mM KCI, 5% glycerol, and
250 mM imidazole. The proteins were concentrated by ultrafiltration and subjected to further purification using a Superdex 200 In-
crease 10/300 GL column (Cytiva) in gel filtration buffer (20 mM HEPES, pH 7.4, 100 mM KCI). The peak fractions containing the target
protein were analyzed using SDS-PAGE and Urea-PAGE. The expression and purification of the Cas6f-Cas7f-RacrlF1 and Cas7f-
RacrlF1 complexes were performed using the same protocols as those established for the Pba-Csy complex. Similarly, the Cas1-
Cas2/3 complex was purified following the procedure described for the Pba-Csy complex, with the exception that protein expression
was induced with 0.1 mM IPTG. For the co-expression of RacrlF1 and the Csy complex, the plasmids pQE60-cas8f-cas5f-His-cas7f,
pRSFDuet-cas6f-RacrlF1, and pACYCDuet-crRNA were co-transformed into E. coli BL21(DE3) competent cells. Protein expression
and purification were then carried out under the same conditions as described above.

For the expression and purification of the Cas8f-Cas5f complex, the procedure was similar with the following modifications: the
lysis buffer contained 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, and 10 mM imidazole. For the purification of Cas7f, the lysis buffer
was composed of 50 mM Tris—HCI (pH 8.0), 2 M NaCl, and 10 mM imidazole. Similarly, for the purification of Cas6f, the lysis buffer
contained 50 mM Tris—HCI (pH 8.0), 500 mM NaCl, and 10 mM imidazole, while the elution buffer contained 20 mM Tris-HCI (pH 8.0),
50 mM NaCl, and 300 mM imidazole. Eluted samples were further purified using a HiTrap Q HP column (GE Healthcare) or Heparin HP
column equilibrated with a buffer containing 20 mM Tris-HCI (pH 8.0) and 25 mM NaCl. The target protein was eluted with a NaCl
gradient from 10 mM to 1 M. The fractions containing the target protein were finally purified by size-exclusion chromatography using
a Superdex 200 Increase 10/300 GL column (Cytiva) pre-equilibrated with a storage buffer containing 20 mM Tris-HCI (pH 8.0) and
100 mM NaCl.

Urea-PAGE analysis

RNA samples expressed under different constructs were isolated and purified using phenol-chloroform extraction followed by
ethanol precipitation, and then dissolved in DEPC-treated water. The purified RNA was then mixed with loading buffer (Thermo Fisher
Scientific) and separated on a 15% denaturing urea-PAGE gel using 1 xTBE buffer for 70 minutes as previously describely.>%°
Following electrophoresis, the gels were stained with SYBR GOLD (Thermo Fisher Scientific) and visualized with a ChemiDoc
Imaging System (Bio-Rad).

Electrophoretic mobility shift assay (EMSA)

The EMSA was performed as previously described.®® RNA containing sulfo-cyanine 3 (Cy3) labeled at the 3’ terminus was syn-
thesized by GenScript. A concentration of 0.25 pM of the labeled RNA was incubated with 0-8 pM of the Cas8f-Cas5f complex
in a buffer consisting of 20 MM HEPES (pH 7.4), 100 mM KClI, 5% glycerol, 2 mM MgCI2, and 0.5 mM TCEP for 30 minutes at
25°C. The resulting mixtures were then loaded onto a 6% native PAGE gel and run in 0.5xTBE buffer (Solarbio) at 100 V for
50 minutes at 4°C. Visualization of the Cy3-labeled RNA in the gel was performed using a ChemiDoc MP Imaging System
(Bio-Rad).

In vitro DNA cleavage assay

Target and non-target bubble DNAs were annealed at a molar ratio of 1.5:1 to generate double-stranded bubble DNA (dsDNA). The
in vitro DNA cleavage reaction was performed following previously described protocols with slight modifications.*® Briefly, 0.04 pM
dsDNA was incubated with 0.32 uM Csy complex or Csy aberrant complex at 37 °C for 30 min in a reaction buffer containing 20 mM
HEPES (pH 7.4), 100 mM KCl, 5% glycerol, and 1 mM TCEP. Subsequently, Cas1-Cas2/3 was added to a final concentration of
0.5 pM, together with 5 mM MgClz, 75 pM NiSOs4, 5 mM CaClz, and 2 mM ATP. The mixture was further incubated at 37 °C for O,
10, 30, or 60 min, after which the reaction was quenched with 1% SDS and 50 mM EDTA. The products were separated by 15%
urea-PAGE at 150 V for 50 min, and visualized by fluorescence imaging.

To examine the competitive effect of RacrlF1, 0.32 pyM Csy complex was pre-incubated with 0.4, 0.8, 1.6, or 3.2 uM
RacrlF1 at 37 °C for 30 min in a reaction buffer containing 20 mM HEPES (pH 7.4), 100 mM KCI, 5% glycerol, and 1 mM
TCEP. Then, 0.04 pM dsDNA was added and incubated for another 30 min. Finally, 0.5 uM Cas1-Cas2/3, 5 mM MgCla,
75 pM NiSOs, 5 mM CaClz, and 2 mM ATP were added, and the reaction was continued at 37 °C for 60 min before termination
with 1% SDS and 50 mM EDTA. Reaction products were analyzed as described above. For the in vivo competition assay, mix-
tures containing both functional Csy complex(0.32uM) and aberrant Csy complexes (0.32-2.56 pM) were used to replace the
Csy complex in the reaction. All other experimental conditions and procedures were identical to those described for the
in vitro assays.
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Preparation of oligonucleotides

The crBNA, RacrlF1, 5" handle, 5" handle variant, 5’ handle-S, 5’ handle variant-S, and other 5’ handle variants, as well as the DNA
substrates used for nuclease activity assays, were chemically synthesized and purchased from GenScript. The corresponding se-
quences are listed in Table S4.

Cryo-EM sample preparation

Cryo-EM grids were prepared using a FEI Vitrobot Mark IV. For all sample, a volume of 2.5 pL of concentrated protein at a concen-
tration of 3.5 mg/mL was applied to 200 mesh Quantifoil 2/2 gold grids, which had been pre-treated using an Easiglow discharge
cleaning system. The grids were blotted with filter paper for 2.5 seconds at a blotting force setting of 1 in an environment with
100% humidity. Subsequently, the grids were rapidly plunged into liquid ethane pre-cooled by liquid nitrogen. The grids were
then stored in liquid nitrogen until they were used for cryo-EM data collection.

Cryo-EM data collection

The datasets were collected at the Center for Biological Imaging, Core Facilities for Protein Science, Institute of Biophysics, Chinese
Academy of Sciences and at Shuimu Biosciences. At the Institute of Biophysics, Chinese Academy of Sciences, movies were re-
corded on a FEI Titan Krios microscope equipped with a K3 detector, operating at an acceleration voltage of 300 kV. Data acquisition
was performed at a nominal magnification of 29,000x, resulting in a pixel size of 0.83 A. The defocus range was set between -1.5 and
-2.5 pm. The movies were collected by SerialEM®"-%? or EPU with a total electron dose of 66 e /A2, At the Shuimu BioSciences, the
cryo-EM datasets were obtained on a Titan Krios microscope equipped with a Gatan Falcon4 direct detection camera, with a pixel
size of 0.82 A and a defocus range of -1.5 pm to -2.5 pm. Each micrograph was dose-fractionated into 32 frames, with a total accu-
mulated dose between 50 and 60 e /A2.

Cryo-EM data analysis

For the dataset involving the purified type I-F Pba-Cascade with RacrlF1, a total of 13,196 movies were recorded. Following motion
correction® and CTF estimation® in cryoSPARC-3.3.2,°* approximately 885,000 particles were picked using Blob picker. One round
of 2D classification was performed to isolate the good particles, selecting 3,499 particles with tubular features for further analysis of
the Solenoid-1 structure. Topaz® training was then conducted using these selected particles, resulting in the extraction of 13,198
particles by Topaz,°® followed by ab-initio reconstruction. To determine the initial helical parameters, we first estimated the helical
pitch and rise using the Volume Tracer tool in UCSF Chimera. A Symmetry Search was subsequently performed in cryoSPARC with a
helical pitch range of 60-90 A and a subunit turn count of 7-9, yielding refined parameters of 80.72 A for the helical pitch and -50.03°
for the helical twist. The subsequent helical refinement produced high-resolution density maps for the Solenoid-1 structure, revealing
well-resolved subunit features.

To determine the structures of Confor-1, Confor-2, and Confor-3, corresponding 2D classes were selected, and ab-initio recon-
struction was performed to generate the 3D models. A template picker was then used, yielding 2.774 million particles. Four rounds of
heterogeneous refinement were performed to screen the good particles, resulting in 162,000 particles that were kept for one round
of non-uniform refinement. The particles were converted to Relion format using pyem,66 and CisTEM®” was utilized for 30 rounds of
focused 3D classification, producing maps for Confor-1, Confor-2, and Confor-3. Notably, approximately 89,000 particles corre-
sponding to Confor-3 were imported back to cryoSPARC-3.3.2°* to enhance resolution through non-uniform refinement. The final
resolutions reported for Confor-1, Confor-2, and Confor-3 were 3.7 A, 32A and 2.8 A, respectively.

For the Solenoid-2 dataset, 5,409 movies were collected. Following motion correction®® and CTF estimation® in cryoSPARC-3.3.2,%*
After Blob picking, around 485,000 particles were extracted and binned by 2. 2D classification was employed to discard non-tube-like
particles, retaining approximately 128,000 particles for ab-initio reconstruction. The subsequent processing of Solenoid-2 was identical
to that of Solenoid-1, leading to enhanced map quality and consistent reconstruction across all solenoids.

For the Solenoid-3 dataset, a total of 1,243 movies were collected. After motion correction®® and CTF estimation®* in cryoSPARC
v3.3.2,°* 193,634 particles were automatically picked using the Blob picker and binned by 2. One round of 2D classification was per-
formed to remove poor-quality and non-tubular particles, retaining 123,551 good particles for further processing. The selected
particles were subjected to ab-initio reconstruction, followed by heterogeneous refinement to identify the best-resolved 3D class.
Subsequent Topaz particle picking and helical refinement were performed with optimized parameters (helical twist, -50.03°; helical
rise, 11.64 A), yielding a high-quality density map at 4.58 A resolution after deepEMhancer post-processing. For the Pba-Csy com-
plex dataset, 7,064 movies were recorded. motion correction®® and CTF estimation® were carried out in cryoSPARC-3.3.2.%*
Approximately 1.4 million particles were picked using Blob picker in cryoSPARC-3.3.2°* and one round of 2D classification was per-
formed to identify the good particles. Five 3D initial models were generated via ab-initio reconstruction, with three favorable classes
selected for another round of heterogeneous refinement using particles directly from Blob picker. Two classes containing 347,000
and 518,000 particles were chosen for one round of heterogeneous refinement. Subsequently, one class with good Cas5f and Cas8f
density, harboring 424,000 particles, was selected for focused classification in CisTEM.®” After 30 rounds of focused 3D classifica-
tion in CIsTEM,®” the best class with optimal Cas5f and Cas8f density was chosen. Approximately 71,806 particles were kept and
imported back to cryoSPARC-3.3.2°* for non-uniform refinement, achieving a final resolution of 2.8 A for the Pba-Csy complex.
All of the maps were finally optimized and sharpened using DeepEMhancer.®®
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Model building

Before building the models, we generated homology structures of Cas5f, Cas6f, Cas7f, and Cas8f using AlphaFold3.%° Model build-
ing was initiated with the Pba-Csy complex. Utilizing prior knowledge, we created an initial model in UCSF Chimera®’ by rigid body
fitting of one Cas5f, one Cas6f, six Cas7f, one Cas8f, and crRNA to the map. Coot®® was then used for manual refinement of the struc-
ture against the map, and the crRNA was manually built in in Coot,*® resulting in the construction of 60 nucleotides. Phenix real-space
refinement in PHENIX’® was employed to further refine the structure.

For constructing the Cas7 solenoid structure, we fit Cas7f subunits to the solenoid map in UCSF Chimera.®” Random nucleic acids
were manually built in Coot,*® and Phenix real-space refinement in PHENIX"°was used to refine the structure against the map. Al
helical solenoid maps (Solenoid-1, Solenoid-2, and Solenoid-3) were reoriented by z-flipping before model building.

To build the Confor-3 structure, we started with the Pba-Csy complex and deleted the chains for Cas8f and Cas5f in Coot.”® We
then placed two additional Cas7f subunits into the map by rigid body fitting in UCSF Chimera.>’ The nucleic acids were manually built
in Coot,*® resulting in a total of 69 nucleotides modeled. After several rounds of manual refinement in Coot,*® Phenix real-space
refinement in PHENIX’® was used to further refine the structure. Representative EM Densities of Various Complexes are shown in
Figure S10.

QUANTIFICATION AND STATISTICAL ANALYSIS
For details of the cryo-EM image-processing workflow, see the STAR Methods and Figures S2 and S5. Atomic models were built in

COOQT, refined with Phenix, and validated statistically in Table S1. For fluorescence-labeled nucleic acid electrophoresis, imaging
was performed with a ChemiDoc MP system, and each experiment was repeated at least twice.
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