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Abstract 

CRISPR –Cas sy stems pro vide adaptiv e immunity in prokary otes b y targeting and degrading in v asiv e genetic elements. Among them, the Type 
I-F2 system represents the most compact Type I CRISPR –Cas variant, distinguished by the complete absence of both large (Cas8) and small 
(Cas11) subunits. In other Type I systems, Cas8 is essential for protospacer adjacent motif (PAM) recognition and for triggering Cas3 recruitment, 
while Cas11 stabilizes the Cascade backbone and guides the nontarget DNA strand during R-loop formation. To elucidate how I-F2 executes 
interference in their absence, we determined the cry o-electron microscop y str uct ure of the I-F2 Cascade bound to target DNA and Cas3. 
Our str uct ure re v eals that Cas5 alone mediates PAM sensing, while Cas7 subunits directly recruit Cas3, which adopts a helicase-loaded con- 
formation compatible with DNA engagement. We show how the helicase and C-terminal domains of Cas3 capture the displaced nontarget 
strand to initiate directional unwinding and degradation. These findings unco v er k e y mechanistic adaptations that enable efficient interference 
without canonical large and small subunits and emphasize the mechanistic diversity among closely related Type I systems, including I-E, I- 
F1, and I-F2. These insights provide a str uct ural basis for engineering the hypercompact I-F2 system for genome editing and biotechnological 
applications. 
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RISPR –Cas systems are RNA-guided adaptive immune sys-
ems found across the majority of archaea and bacteria,
here they protect against invading mobile genetic elements

MGEs), such as bacteriophages, plasmids, and integrative
onjugative elements [ 1 –3 ]. These systems typically capture
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short foreign DNA fragments within clustered regularly in-
terspaced palindromic repeat (CRISPR) arrays. Transcription
and processing of these arrays generate small CRISPR RNAs
(crRNAs) that guide Cas proteins to complementary nucleic
acid targets, enabling sequence-specific degradation [ 4,5 ]. To
avoid self-targeting, most DNA-targeting CRISPR –Cas sys-
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tems require the presence of a short protospacer adjacent mo-
tif (PAM) flanking the target sequence, which is absent from
the host CRISPR locus [ 6 –8 ]. 

CRISPR –Cas systems are broadly categorized into two
classes based on the composition of the interference complex.
Class 1 systems (Types I, III, and IV) utilize multisubunit ef-
fector complexes, while Class 2 systems (Types II, V, and VI)
rely on single, large, multidomain Cas proteins and are ex-
tensively used for genome engineering due to their simplicity
[ 9 –12 ]. Among Class 1 systems, Type I is the most widespread,
comprising seven major subtypes (I-A through I-G) and sev-
eral variants (e.g. I-F1, I-F2, I-F3, and I-F4) [ 9 ], distinguished
by the architecture and composition of their signature inter-
ference complex known as Cascade (CRISPR-associated com-
plex for antiviral defense) [ 9 , 10 , 13 ]. 

Recent structural studies have elucidated Cascade com-
plexes across all known Type I subtypes [ 13 –31 , 32 ]. These
assemblies share a conserved Cas7 –crRNA backbone, but dif-
fer in their accessory subunits, such as Cas5, Cas6, and Cas8,
which cap the backbone ends, and Cas11, which in some
subtypes forms small subunits along the backbone. These
variations define the subtype-specific architecture and mecha-
nisms of Cascade. Structures capturing different mechanistic
states, including PAM-bound seed bubbles and fully formed
R-loops, have provided insights into target recognition and
strand displacement during DNA surveillance [ 14 , 15 , 17 , 18 ,
20 , 22 –25 , 29 , 31 ]. These conformational snapshots highlight
subtype-specific mechanisms for DNA binding, crRNA-target
strand (TS) pairing, and nontarget strand (NTS) displacement.

Effector recruitment strategies also diverge between sub-
types. In Type I-E and I-F systems, PAM recognition and R-
loop formation induce conformational activation of Cas8, al-
lowing the recruitment of the helicase –nuclease Cas3 [ 33 –38 ].
In contrast, Type I-F2 systems completely lack Cas8, and the
mechanism by which Cas2-3f2 is recruited in its absence re-
mains unclear. Additional complexity arises from the action
of anti-CRISPR (Acr) proteins, which can inhibit Cascade
by blocking PAM recognition, destabilizing R-loop forma-
tion, or preventing Cas3 recruitment, with Acr –Cascade struc-
tures described for Type I-C and I-F systems [ 17 , 23 , 26 ]. Re-
cent review highlight the remarkable diversity of these Acr
strategies targeting Type I systems, underscoring the evolu-
tionary pressures shaping Cascade architecture [ 39 ]. In this
context, the compact architecture of Type I-F2 may repre-
sent an adaptation to such selective pressures, although di-
rect evidence for Acr-mediated targeting of I-F2 systems is cur-
rently lacking [ 11 , 37 , 40 ]). Despite these advances, complete
ternary/quaternary structures of interference-competent com-
plexes (Cascade bound to crRNA, and target DNA) with the
Cas3 are currently available only for specific variants of sub-
types I-A, I-C, and I-E [ 14 , 18 , 22 ] (see Table 1 ). Full effector
assemblies for the other subtypes remain unresolved, leaving
substantial gaps in our understanding of how interference is
executed in these systems. 

Among these, Type I-F2 (previously designated I-Fv) rep-
resents the most compact Type I variant, encoding only four
Cas proteins (Cas6f2, Cas5f2, Cas7f2, and Cas2-3f2) and a
minimal CRISPR array composed of 27 bp repeats and 32
bp spacers [ 24 , 42 , 43 ]. In Type I-F2 systems, the effector nu-
clease is encoded as a Cas2-Cas3 fusion protein (Cas2-3f2).
Because our analyses focus on the helicase –nuclease activ-
ity of this protein, we refer to this module simply as Cas3
throughout the manuscript. Type I-F2 systems are commonly
associated with MGEs such as plasmids and genomic islands 
[ 33 , 44 –46 ], and their compact architecture may reflect adap- 
tation to size constraints or evasion of Acrs targeting re- 
lated Type I-F1 systems [ 24 ]. DNA interference in Type I- 
F2 is initiated by recognition of a minimal 5 

′ -GG-3 

′ PAM 

by Cas5, followed by crRNA-guided pairing of the TS along 
the Cas7 backbone. Concurrently, the NTS is displaced and 

guided along a conserved groove toward Cas6, forming a 
characteristic R-loop [ 5 , 42 ]. Beyond their natural defensive 
role, compact Type I-F2 systems are emerging as promising 
genome editing tools due to their minimal protein require- 
ments and high targeting specificity. Engineered variants have 
been successfully repurposed for targeted DNA degradation,
transcriptional modulation, and genome engineering in both 

bacterial and eukaryotic contexts, leveraging their processive 
Cas3 nuclease activity for large-scale DNA removal or con- 
trolled editing [ 44 –46 ]. Such systems offer potential advan- 
tages over Class 2 effectors, including expanded targeting 
range, reduced off-target effects, and the ability to perform 

long-range deletions, positioning Type I-F2 as an attractive 
platform for synthetic biology and therapeutic applications 
[ 47 –49 ]. 

In contrast to I-E and I-F1 systems, where Cas3 recruitment 
is mediated by conformational changes in Cas8 [ 34 –38 ], the 
absence of Cas8 in I-F2 raises questions about how the ef- 
fector nuclease is engaged. Here, we show that Cas3 binds 
centrally within the I-F2 Cascade –R-loop complex, positioned 

between Cas5 and Cas6. Recruitment is stabilized by multiva- 
lent contacts with the Cas7 backbone together with extensive 
interactions with the displaced NTS, which together entangle 
Cas3 into the complex. Complementary hydrogen –deuterium 

exchange mass spectrometry (HDX-MS) revealed conforma- 
tional changes within Cas3 upon recruitment, while Cascade 
subunits showed no additional protection beyond the R-loop 

state, consistent with Cas3 undergoing the major structural 
rearrangements required for interference. Our cryo-EM struc- 
ture of the I-F2 Cascade –Cas3 complex reveals how the dis- 
placed NTS is threaded through the helicase core of Cas3 and 

delivered to the nuclease domain for processive DNA degra- 
dation. These findings illustrate a mechanistic divergence from 

Type I-E and I-F1 systems and establish a structural foun- 
dation for harnessing the hypercompact Type I-F2 system in 

genome editing applications. 

Materials and methods 

Plasmid construction 

Recombinant expression of the Type I-F2 Cascade subunits 
Cas5f2, Cas6f2, and Cas7f2, together with crRNA, was per- 
formed using constructs described previously by Gleditzsch 

et al. [ 43 ] (plasmids pCas1 and pCRISPR-wt ). For pro- 
duction of Cas3, the cas3 gene was cloned into a modi- 
fied pET-24d expression vector containing BsaI restriction 

sites, thereby introducing an N-terminal His 6 -tag for affinity 
purification. 

To generate spacer variants for the efficiency of transfor- 
mation (EoT) assay, the crRNA-WT plasmid was amplified 

by vector polymerase chain reaction (PCR) using primers 
pUC19-AarI-fwd and pUC19-AarI-rev , introducing AarI re- 
striction sites. The resulting linearized plasmid was digested 

with AarI, and pairs of annealed oligonucleotides ( R1 fwd/R1 

rev and R2 fwd/R2 rev ) were ligated into the vector, thereby 
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Table 1. Available str uct ures of Type I Cascade effector complexes 

Type Organism States PDB Citation 

A Pyrococcus furiosus CascadeCascade –Cas3Seed 
bubble –Cas3R-loop –Cas3 

7TR67TR87TR97TRA [ 14 ] 

B Synechocystis sp. PCC 6714 Seed bubbleR-loop 8H678IPO [ 15 ] 
C Desulfovibrio vulgaris Cascade 7KHA [ 16 ] 
C Desulfovibrio vulgaris CascadeSeed 

bubbleR-loopCascade –AcrIF2 
Cascade –AcrIC4 

8DEX8DFA8DEJ8DFS8DFO [ 17 ] 

C Neisseria lactamica CascadeSeed bubbleR -loopR - 
loop –Cas3Cascade –AcrIC8Cascade –AcrIC9 

8GAF8GAM8GAN8G9U8G9S8G9T [ 18 ] 

D Synechocystis sp. PCC6803 Cascade (7.2 Å ) EMD-22 912 [ 19 ] 
D Synechocystis sp. PCC6803 CascadeR-loop 7SBB7SBA [ 20 ] 
E Esc heric hia coli Cascade 4U7U [ 21 ] 
E Thermobifida fusca Seed bubbleR-loop 5U075U0A [ 41 ] 
E Thermobifida fusca R-loop –Cas3 6C66 [ 22 ] 
F Pseudomonas aeruginosa CascadeSeed- 

bubbleCascade –AcrF1Cascade –AcrF2Cascade –AcrF10 
6B456B446B466B476B48 [ 23 ] 

F Shewanella putrefaciens (Shortened) CascadeR-loop 5O7H5O6U [ 24 ] 
F Pseudomonas aeruginosa R-loop 6NE0 [ 25 ] 
F Shewanella putrefaciens R-loop –Cas3 9G44 This study 
F Selenomonas sp. RGIG9219 Partial R -loopR -loopSingle stranded (ss) 

DNA-bound states 
8Z0L8Z0K8ZNR [ 32 ] 

G Thioalkalivibrio 
sulfidiphilus 

Cascade 8ANE [ 13 ] 
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reating BsaI sites. These BsaI sites were subsequently used to
nsert custom spacer sequences by ligation of annealed oligo
airs. 

omplex purification and reconstitution 

enes encoding S. putrefaciens CN32 Cas5, Cas6, and Cas7
roteins were amplified by PCR and cloned into pRSFDuet-
 (Novagen), and cas3 into pET24d (Novagen). Cas7 and
as3 were fused to N-terminal His 6 tags. The Cascade pro-

eins and the pre-crRNA substrate were coproduced in E. coli
L21(DE3) (Novagen) by incubating at 30 

◦C overnight in LB-
edium containing 1.25% (w/v) lactose. For the production
f Cas3, E. coli BL21(DE3) pLysS (Novagen) were utilized. A
ulture in LB medium was incubated at 37 

◦C until OD 0.6
as reached, when expression was induced by adding 1 mM

sopropyl- β-D-thiogalactopyranosid (IPTG) f.c., followed by
 h of incubation at 20 

◦C. Cells were lysed by a Microfluidizer
M110-L, Microfluidics). Cell debris after lysis was removed
y high-speed centrifugation (41 000 rpm, rotor Beckman
oulter Ti45) at 4 

◦C for 45 min. All proteins were purified by
ickel-ion affinity (lysis and washing buffer: 20 mM HEPES-
a, pH 8, 250 mM NaCl, 20 mM KCl, 20 mM MgCl 2 , and 20
M imidazole; elution buffer: lysis buffer + 480 mM imida-

ole) and size-exclusion chromatography (SEC), as described
reviously [ 24 ]. The SEC buffer for Cascade consisted of 20
M HEPES-Na (pH 7.5), 200 mM NaCl, 20 mM KCl, and
0 mM MgCl 2 . For the SEC of Cas3, a buffer consisting of
0 mM HEPES-Na (pH 7.5), 500 mM NaCl, 20 mM KCl,
0 mM MgCl 2 , and 2% (v/v) glycerol was used. TS and NTS
ere obtained from Sigma –Aldrich and combined in a 1:1.5

atio (buffer: 20 mM HEPES-Na, pH 7.5, 50 mM NaCl) and
eated to 95 

◦C for 5 min, forming the R-loop precursor. The
nal complex was formed in two steps: first, 15 nmol of each,
ascade and R-loop precursor were incubated in 400 μl SEC
uffer for 10 min at room temperature (RT). Second, 25 nmol
f purified Cas3 were added prior to another 5 min of incuba-
ion at RT. The solution was then subjected to SEC on a Su-
erdex 200 Increase 10/300 GL. The fractions containing pro-
tein were analyzed by sodium dodecyl sulfate –polyacrylamide
gel electrophoresis (SDS –PAGE) and the fully assembled com-
plex was used for further experiments. 

Cryo-EM grid preparation 

For cryo-EM analyses, 3 μl of 0.8 mg/ml purified Cascade/R-
loop/Cas3 complexes were applied to a glow-discharged
Quantifoil holey carbon grid (R2/2, 300 mesh). Grids were
blotted with filter paper to remove excess sample for 4 s
and plunge-frozen in liquid ethane using a Vitrobot Mark IV
(Thermo Fisher Scientific) with a blotting force of 0 in an envi-
ronment with the humidity and temperature set to 100% and
4 

◦C, respectively. 

Cryo-EM data acquisition 

Cryo-EM movie data were collected in counting mode on
a Talos Arctica (Thermo Fisher Scientific) operated at 200
kV and equipped with a K2 Summit direct electron detec-
tor (Gatan) in Nanoprobe mode at the IECB in Bordeaux
(France). A magnification of 45 000 × was applied to record
37 movie frames using SerialEM v4.0.9 [ 50 ], with an expo-
sure time of 3.7 s using a dose rate of 1.35 electrons per Å 

2

per frame for a total accumulated dose of 49.8 electrons per
Å 

2 at a pixel size of 0.93 Å . The final dataset was composed
of 7698 micrographs with defocus values ranging from −0.4
to −1.6 μm (see Table 2 ). 

Cryo-EM image processing 

Data were processed in Relion v5.0 [ 51 ] according to the
scheme presented in ( Supplementary Fig. S1 ). Briefly, all
frames were corrected for gain reference, motion-corrected
and dose-weighted using MotionCor2 [ 52 ]. The resolution
range of each micrograph and the contrast transfer function
were estimated with CTFFind v4.1.14 [ 53 ]. Particles on mi-
crographs were picked automatically in box sizes of 240 pix-
els and with an inter-box distance of 150 Å . Then, picked par-
ticles were classified into two-dimensional class averages to

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
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Table 2. Data collection, processing, and refinement statistics of R-loop- 
Cas3-Cascade (PDB: 9G44) 

Data collection and processing 

Magnification 45 000 
Voltage (kV) 200 
Electron exposure (e - / ̊A 

2 ) 49.773 
Defocus range ( μm) −0.4 to −1.6 
Pixel size ( ̊A ) 0.93 
Symmetry imposed C1 
Initial particle images (no.) 2, 463, 680 
Final particle images (no.) 1, 040, 370 
Map resolution ( ̊A ) 3.2 
FSC threshold 0.143 
Map resolution range ( ̊A ) 3.0 to 5.0 
Refinement 
Initial model used (PDB code) 5O6U 

Model resolution ( ̊A ) 3.2 
FSC threshold 0.143 
Map sharpening B factor ( ̊A 

2 ) −10 
Model composition 
Chains 13 
Non-hydrogen atoms 28 168 
Protein residues 3190 
Nucleotides 135 
Ligands 2 (Mg 2 + ) 
B-factor (A 

2 ) 
Protein 59.55 
Nucleotide 77.77 
Ligand 158.16 
R.m.s deviations 
Bond lengths ( ̊A ) 0.004 
Bond angles ( ◦) 0.568 
Validation 
Model-to-map CC 0.84 
MolProbity score 1.20 
Clashscore 2.69 
Poor rotamers (%) 0.04 
C β outliers (%) 0.00 
Ramachandran plot 
Favored (%) 97.24 
Allowed (%) 2.76 
Disallowed (%) 0.00 
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identify homogeneous subsets using a regularization value of
T = 2 . The total number of initial extracted particles 2 463
680) was reduced to 1 040 370 by subsequent rounds of two-
dimensional classifications. An initial model at 15 Å was gen-
erated and used as reference map for three-dimensional classi-
fication. This yielded a map at 5.1 Å , which was used as refer-
ence for high-resolution refinements in Relion v5.0’s 3D auto-
refinement. The resolution for the electron density map was
estimated using the “gold standard” criterion (FSC = 0.143)
resulting in a final reconstruction with an overall resolution
of 3.2 Å . Local-resolution estimation was carried out using
Relion v5.0. The volumes obtained were subjected to Auto-
sharpening in the Phenix software package [ 54 ]. The pixel
size was optimized by calculating model-to-map correlation
coefficients at multiple pixel sizes in Chimera v.1.16 [ 55 ] and
selecting the pixel size that yielded in the highest coefficient
value. 

Atomic model building and refinement 

An initial model of the R-loop –Cas3 complex was obtained
by placing the coordinates of the Cascade –I-Fv R-loop com-
plex from S. putrefaciens (PDB 5O6U) [ 24 ] into an auto-
sharpened map obtained with Phenix v.1.20.1 [ 56 ]. The cr-
RNA, TS, NTS, and Cas3 protein were modelled de novo into 

the corresponding density using Coot v.0.9.7 [ 57 ]. The model 
was refined using Isolde v.1.3 [ 58 ] and the real space refine- 
ment procedure in Phenix v.1.20.1 [ 59 ], with reference model 
restraints (see Table 2 ). 

Hydrogen –deuterium exchange mass spectrometry 

Prior to HDX-MS, samples of Cascade, Cascade/DNA, Cas- 
cade/DNA/Cas3, or Cas3 were purified by SEC as described 

above. The preparation of HDX reactions was aided by a two- 
arm robotic autosampler (LEAP technologies) as described 

previously [ 60 ]. In brief, 7.5 μl of protein sample (concentra- 
tion of ∼40 μM) were mixed with 67.5 μl of D 2 O-containing 
SEC buffer (20 mM HEPES-Na, pH 7.5, 100 mM NaCl, 10 

mM MgCl 2 , 50 μM AMPPNP) to start the exchange reaction.
After incubation for 10, 30, 95, 1000, or 10 000 s at 25 

◦C,
55 μl of the reaction were withdrawn and mixed with 55 

μl quench buffer (400 mM KH 2 PO 4 /H 3 PO 4 , 2 M guanidine- 
HCl, pH 2.2) temperated at 1 

◦C. Ninety-five microliters of 
this quenched reaction were immediately injected into an AC- 
QUITY UPLC M-Class System with HDX Technology (Wa- 
ters) [ 61 ]. Non-deuterated samples were prepared in similar 
manner by 10-fold dilution into H 2 O-containing SEC buffer.
Injected sample was flushed out of the loop (volume of 50 μl) 
with H 2 O + 0.1% (v/v) formic acid at a flow rate 100 μl/min 

flow rate, guided to a protease column (2 mm × 2 cm, immo- 
bilized porcine pepsin) kept at 12 

◦C and the peptic peptides 
thus generated were collected on a trap column [2 mm × 2 cm,
POROS 20 R2 (Thermo Fisher Scientific)] kept at 0.5 

◦C. After 
3 min, the trap column was placed in line with an ACQUITY 

UPLC BEH C18 1.7 μm 1.0 × 100 mm column (Waters),
and peptides were eluted at 0.5 

◦C using a gradient of H 2 O 

+ 0.1% (v/v) formic acid (A) and acetonitrile + 0.1% (v/v) 
formic acid (B) at a flow rate of 30 μl/min using the follow- 
ing program: 0 –7 min/95% –65% A, 7 –8 min/65% –15% A,
8 –10 min/15% A, 10 –11 min/5% A, 11 –16 min/95% A. Elut- 
ing peptides were guided to a G2-Si HDMS mass spectrom- 
eter with ion mobility separation (Waters), ionized with an 

electrospray ionization source (capillary temperature 250 

◦C,
spray voltage 3.0 kV) and mass spectra acquired in positive 
ion mode over a range of 50 –2000 m/z in HDMS E or HDMS 
mode for nondeuterated and deuterated samples, respectively.
[Glu1]-Fibrinopeptide B standard (Waters) was employed for 
lock-mass correction. During chromatographic separation of 
the peptide mixtures, the pepsin column was washed three 
times with 80 μl each of 4% (v/v) acetonitrile + 0.5 M guani- 
dine hydrochloride and blank injections performed between 

each sample. All measurements were carried out in triplicate. 
Peptide identification and analysis of deuterium incorpora- 

tion were carried out with ProteinLynx Global SERVER 3.0.1 

(PLGS, Waters) and DynamX 3.0 softwares (Waters) as de- 
scribed previously [ 60 ]. 

Bacterial strains for efficiency of transformation 

assay 

The vector pRSFDuet-1 containing the Type IF2 CRISPR –Cas 
proteins (pCas2-3f2, Cas5, Cas6, and Cas7 WT) was trans- 
formed into an E. coli BL21-AI strain along with a pCDFDuet- 
1 plasmid containing a crRNA fragment that spacer targets 
the ampicillin gene (pCRISPR Anti-AmpR) with a GG –PAM 

in a pETDuet-1 plasmid (see Table 3 ). This strain was used as 
a positive control of the assay and represents an active system.
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The negative control was the same strain containing pCas2-
3f2 WT, but with a crRNA targeting Anti-AmpR with a dif-
ferent PAM sequence rendering the system inactive. Similarly,
six strains were transformed with a Cas2-3f2 gene carrying the
following point mutations: K827E, Q889E, Q507A, H157A,
D532A, H535A. The strains containing the mutations were
transformed with the pCRISPR Anti-AmpR for the efficiency
of transformation (EoT) assays. Mutations were introduced
using a QuickChange site-directed mutagenesis kit (New Eng-
land Biolabs) following the manufacturer’s protocol (see 
Table 3 ). 

Preparation of electrocompetent cells and 

efficiency of transformation assays 

Aliquots of fresh overnight cultures from the six strains con-
taining the mutations and the respective controls were inocu-
lated in 20 ml of LB medium supplemented with kanamycin
(25 μg/ml) and spectinomycin (25 μg/ml). All cultures were
normalized to yield a final culture with an optical den-
sity at 600 nm (OD 600 ) of 0.1. Cultures were grown until
OD 600 = 0.3. Subsequently, protein expression was induced
by adding 0.1 mM of IPTG and 0.2% (w/v) of arabinose.
Once an OD 600 of 0.6 was reached, cells were pelleted in
pre-cooled Falcon tubes centrifuged at 4600 × g for 8 min
at 4 

◦C. Pellets were washed twice with cold double-distilled
water (ddH 2 O) and centrifuged again. Finally, pellets were re-
suspended in 200 μl of ddH 2 O, from which 50 μl were taken
and combined with 5 ng of the target plasmid (pETDuet-1).
Each mixture was transferred to pre-cooled 0.1-cm electropo-
ration cuvettes and exposed to one pulse at 1.8 kV, 25 μF, and
200 ohms (Biorad electroporator). Transformation mixtures
were immediately supplemented with 550 μl of LB medium
and transferred to a 1.5-ml Eppendorf tube and recovered for
1 h at 37 

◦C with shaking at 400 rpm. Finally, 100 μl were
plated on LB agar plates containing ampicillin (50 μg/ml),
kanamycin (25 μg/ml), and spectinomycin (25 μg/ml). After
overnight incubation at 37 

◦C, the number of colonies per plate
was counted and the % of EoT was calculated as the ratio
between the colony count for the strain of interest and the
colony count for the negative control (CFU treatment/CFU
negative control ∗100). EoT assays were performed in tripli-
cate and error bars were calculated as standard error of the
mean. 

Results 

Cryo-EM structure of the DNA and Cas3-bound 

Type I-F2 Cascade 

To determine the structural basis for Cas3 recruitment, we fo-
cused on the Type I-F2 complex from S. putrefaciens CN32
(Fig. 1 A), for which “crRNA-shortened” Cascade structures
in the absence and presence of DNA are available [ 24 ]. The
purified “full-length” Cascade was complexed with double-
stranded (ds)DNA containing a crRNA spacer complemen-
tary TS (Fig. 1 B); to favor R-loop formation, the DNA lacked
complementarity between the NTS and TS in the spacer region
(Fig. 1 C). Subsequently, a Cas2-truncated variant of Cas2-
3f2 (Cas �2 –3f2, hereafter referred to as Cas3), which cannot
form the Cas2-3f2 dimer [ 63 ], was added in the absence of
ATP. By omitting ATP and including Mg 2 + ions, we could suc-
cessfully stall the helicase, allowing us to capture Cas3 bound
to Cascade in a helicase state. Cryo-EM structure determina-
tion revealed the Type I-F2 complex in the presence of DNA 

and Cas3 at an overall resolution of ∼3.2 Å (Fig. 1 D, Table 1 ,
and Supplementary Fig. S1 ). 

Our model reveals a crescent shaped Cascade with overall 
dimensions of 200 × 130 × 90 Å , with subunits that compare 
well with our previous structures of the “shortened” Type I- 
F2 Cascade complex bound to a cognate DNA target (Fig. 1 D 

and E, and Supplementary Fig. S2 ). Briefly, our model includes 
well-resolved crRNA, TS, and NTS at local resolutions rang- 
ing from 3.2 to 5.2 Å . In contrast, the PAM-distal region of 
the DNA duplex was poorly resolved, likely due to increased 

flexibility (Fig. 1 D and E, and Supplementary Fig. S3 ). A fully 
resolved Cas5 at a resolution of ∼3.5 –5 Å , associated to the 5 

′ 

end of the crRNA, as well as six Cas7 copies assembled along 
the crRNA at a resolution of ∼3.5 Å and Cas6, bound to the 3 

′ 

crRNA hairpin loop, less well resolved at ∼5 Å . Strikingly, we 
found Cas3, resolved at ∼4.5 Å , recruited to the Cas7 back- 
bone and Cas5 at the center of the Cascade complex (Fig. 1 D 

and E, and Supplementary Fig. S3 ). 
This structure provides the first high-resolution structure of 

a complete DNA- and Cas3-bound Type I-F2 Cascade com- 
plex. These findings reveal the structural basis for Cas3 re- 
cruitment in Type I-F2 systems, showing that Cas3 docks cen- 
trally onto the Cascade complex through coordinated inter- 
actions with Cas7 and Cas5. Unlike in other Type I systems 
(Type I-C and I-E) where Cas3 is recruited externally via the 
large subunit (Cas8), the Type I-F2 system employs a more in- 
tegrated architecture, using the Cas7 –Cas5 interface for Cas3 

engagement. 

Cas7 and Cas5 identify the DNA target 

Preceding the recruitment of Cas3, Type I-F2 recognizes the 
PAM to subsequently unwind the downstream DNA target.
Hybridization of the crRNA and TS for sequence interroga- 
tion then leads to formation of the R-loop [ 28 ]. Mirroring 
the DNA interactions observed in our X-ray crystal structure 
of the “short” Type I-F Cascade [ 24 ], Cas5 and Cas7 medi- 
ate PAM recognition and target sequence identification, re- 
spectively. In brief, our cryo-EM structure confirmed that the 
GG –PAM is recognized solely by Cas5 (Fig. 2 A and B). For 
PAM sequence recognition, Cas5 extends an α-helical (AH) 
domain across the double-stranded PAM-motif to probe the 
base pair identity via amino acids glutamine 113 and lysine 
253 (Fig. 2 B and Supplementary Fig. S4 ). Notably, we found 

the G/C PAM base pair in position 0 paired up, in contrast 
to our previous X-ray structure, where the G/C base pair 
was distorted by glutamine 113 ( Supplementary Fig. S4 ). We 
have previously shown that the AH domain rearranges upon 

DNA binding ( ∼10 Å ), suggesting that different conforma- 
tional states might account for this observation. Superimpo- 
sition of DNA-bound Cas5 (this study) with Cas5 in the ab- 
sence or presence of DNA from our previous study revealed 

rearrangements in the AH domain ( Supplementary Fig. S2 ),
where α-helix 5 and the adjacent loop around asparagine 205 

close in on the PAM. 
Downstream of the PAM, NTS, and TS bifurcate to hy- 

bridize TS and crRNA for target sequence recognition (Fig.
2 C). Parallel to the crRNA:TS hybrid, the single-stranded NTS 
is guided along a positively charged trench formed by the wrist 
loops of Cas7 (Fig. 2 D). The NTS is guided only up to the third 

Cas7 (Cas7.3) subunit before a 90 

◦ kink, induced by the glu- 
tamine 889, positions the NTS for handover to Cas3 (Fig. 2 E).

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
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Figure 1. Type I-F2 forms a compact DNA-interference effector complex. ( A ) CRISPR –Cas locus of the Type I-F2 system from S. putrefaciens CN32. ( B ) 
SEC profile and SDS –PAGE analysis of the purified Cascade –Cas3 complex; the triangle indicates the fraction used for cryo-EM. ( C ) Sequences of 
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s a result of the duplex traversing the thumb motif of Cas7,
ne in six TS base is not paired with its complementary crRNA
ase (Fig. 2 F). At the PAM distal segment of the crRNA:TS hy-
rid, close to Cas6, the duplex is capped by the thumb motif
f the distal Cas7.6 at base pair 28. In turn, the remaining
ortion of TS complementary to crRNA is guided away from
he complex and was thus not resolved in our structure, likely
ue to flexibility (Fig. 2 F). 
Together, these findings reveal that in Type I-F2 systems,

as5 and Cas7 coordinate DNA sequence interrogation, with
as5 responsible for PAM specificity and Cas7 guiding the cr-
NA:TS hybrid and single-stranded NTS. The observed AH
omain rearrangements in Cas5 underscore a potential al-
osteric switch that may fine-tune PAM engagement. These
echanistic insights highlight how Type I-F2 achieves efficient
-loop formation and substrate handover in the absence of the

arge subunit Cas8. 

as3 is guided to the NTS via cas7 and cas5 

n the evolutionarily related Types I-E and I-F1 Cascades,
NA binding triggers a conformational change in Cas8

or the recruitment of Cas3 [ 41 ]. To understand how
ype I-F2 binds Cas3 upon R-loop formation, we an-
lyzed the interactions between Type I-F2 Cascade and
as3. 
Cas3 is a helicase –nuclease effector enzyme composed of

our domains (Fig. 3 A). The helicase core of Cas3 is com-
osed of RecA1 and RecA2, which are fused to an N-terminal
etal ion-dependent HD nuclease domain and a C-terminal

ccessory domain (CTD). The CTD is likely involved in single-
tranded DNA recruitment and allosteric regulation of Cas3
 21 , 38 ]. In our structure, all four domains engage in in-
eractions with the Cascade. PAM-proximally, RecA1 inter-
cts with Cas5, and the HD domain interacts with Cas7.1
Fig. 3 B). This interface is shaped by the interaction of Cas5
ysine 335 with Cas3 aspartate 584 and glutamate 416, as well
s a contact between Cas7.1 glutamate 303 and Cas3 lysine
15. Additionally, Cas7.1 serine 298 and glutamate 299 lie
n close proximity of Cas3 asparagine 143. Along the Cas7
ackbone, the RecA2 domain and CTD of Cas3 interact with
he Cas7 wrist loop NTS-trench (Fig. 2 D). Here, the contact
s mediated via the NTS, with aspartate 34 and lysine 57 be-
ng the main guiding residues of Cas7.3. Lysine 740 coordi-
ates the NTS backbone, while glutamine 889 forms hydro-
en bonds to the bases. At the PAM-distal crRNA:TS hybrid,
he CTD domain contacts the RRM of Cas7.6 (Fig. 3 C). Serine
23 of Cas7.6 and asparagine 904 of Cas3 form a hydrogen
ond, while serine 124 of Cas7.6 contacts the backbone of
ly942. 
These results define a unique recruitment mechanism for

as3 in Type I-F2 systems, where coordinated multivalent
ontacts with both Cas5 and several Cas7 subunits position
as3 for docking along the NTS path. Unlike Type I-E and

-F1 systems that rely on the large subunit (Cas8) for Cas3
ecruitment, Type I-F2 compensates for the absence of a large
ubunit through a distributed interaction network involving
he Cas7 backbone, Cas5, and the NTS itself. This mode of
ecruitment reflects a structurally integrated handover pro-
ess, coupling R-loop formation with immediate Cas3 engage-
ent. It highlights a functionally compact yet highly special-
zed architecture for interference that is distinct from other  
Type I systems and suggests evolutionary streamlining of ef-
fector loading in Type I-F2. 

Structural dynamics of Type I-F2-mediated DNA 

interference 

Structural rearrangements in Cascade complexes are known
to play a key role in signalling for Cas3 recruitment upon tar-
get binding [ 64 , 65 ]. To investigate conformational changes
associated with target recognition and Cas3 recruitment, we
performed HDX-MS, in the presence of AMPPNP, across four
defined states of the Type I-F2 interference complex: (I) apo
Cascade, (II) Cascade bound to R -loop DNA, (III) Cascade –R -
loop in complex with Cas3, and (IV) apo Cas3 alone (Fig. 4 A
and Supplementary Figs S5 and S6 ). 

Comparing states (I) and (II) revealed the structural dynam-
ics associated with R-loop formation. While Cas6 exhibited
no changes in hydrogen –deuterium exchange, pronounced
HDX protection was observed in three loop regions of Cas7
(Fig. 4 B and Supplementary Fig. S5 ), indicating a stabiliza-
tion of the elements consistent with direct engagement of the
crRNA-bound TS. Significant HDX reductions were also de-
tected in Cas5, particularly around the PAM-binding groove,
corroborating its critical role in target recognition. In contrast,
the C-terminal tail and finger loop of Cas7 remained largely
unaffected by DNA binding. We next compared states (II) and
(III) to assess the structural reorganization of Cascade/R-loop
upon Cas3 recruitment, however, no further changes in the
conformation of Cascade proteins were apparent by HDX-
MS (Fig. 4 C). We assume that this is due to the interaction
primarily being mediated by side-chain interactions between
Cas3 and Cas7 in particular whereas HDX-MS tracks changes
in accessibility of the peptide backbone amide protons. This
is conceivably compounded by the repetitive nature of Cas7
within the Cascade complex as HDX-MS does not provide
Cas7 subunit-specific resolution. 

Nevertheless, and consistent with our cryo-EM structure,
strong HDX protection of Cas3 was observed in compari-
son of Cascade/R-loop-engaged Cas3 (state III) and Cas3 in
isolation (state IV; Fig. 4 C), validating the stability of the in-
teraction in solution. Specifically, Cas3 HDX reduction was
apparent at the Cas7.1 and Cas7.6 interaction interfaces as
well as several portions within the RecA1 and RecA2 do-
mains, all of which partake in NTS recognition (Fig. 4 C
and Supplementary Fig. S6 B). Notably, HDX protection ex-
tended into Cas3’s helicase channel along the NTS path con-
sistent with substrate engagement for processive DNA un-
winding. The Cas3 C-terminal domain in particular exhib-
ited widespread protection from deuterium exchange in the
Cascade/R-loop-bound state in consequence of Cas3 CTD in-
sertion in between the Cascade-coordinated TS and the Cas3
helicase domain-directed NTS. This further suggests that the
CTD may traverse from a more dynamic state in solution to a
more ordered conformation within the complex. This behav-
ior is consistent with our biochemical observations of Cas3
instability in the absence of Cascade and may point to an ad-
ditional, yet unexplored, regulatory role of the CTD in effector
complex assembly or activity. 

Cas3 and PAM-distal mismatches 

Notably, at the PAM-distal crRNA:TS hybrid, the CTD do-
main of Cas3 is positioned in proximity to the base pairs at
position 24 –28 (Fig. 3 C). To understand whether PAM-distal

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
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crRNA:TS hybrid formation is critical for Cas3-mediated
DNA-interference, we employed an in vivo EoT assay in
E. coli [ 24 ]. In brief, E. coli expressing the Type I-F2 cas
operon heterologously along fully matched or mismatched
beta-lactamase ( bla ) targeting guides, was transformed with
a plasmid encoding bla , prior to selection with ampicillin
(Fig. 5 A). The assay revealed increased transformation ef-
ficiencies when individual mismatches were present in base
pairs 25, 27, and 29, suggesting that mismatches may influ-
ence the DNA-interference activity (Fig. 5 A). Next, we intro-
duced double mismatches, which, to our surprise, were rel-
atively well tolerated (Fig. 5 A). Together, these observations
suggest that interference efficiency in the PAM-distal region
may be influenced by the conformation of the crRNA:TS hy-
brid adjacent to the Cas3 CTD. Single mismatches in this re-
gion may perturb the local hybrid conformation in a manner
that is unfavorable for Cas3 recruitment and activation, or
for proper positioning of the DNA substrate for downstream
engagement. In contrast, certain double mismatches could al-
ter the hybrid conformation in a way that remains compatible
with Cas3 association and subsequent strand handover. Thus,
our data are consistent with a model in which Cas3 engage-
ment is sensitive to the overall conformation of the crRNA:TS
hybrid. 

Intrigued by the interaction of Cas3 with the PAM-distal
crRNA:TS hybrid and terminal Cas7.6 subunit, we won-
dered whether the interactions are important for Cas3 re-
cruitment. We have previously shown that deletion of multi-
ples of 6 nucleotides of the crRNA spacer allows for short-
ening of the Cascade complex by removing Cas7 binding
sites, while simultaneously abrogating DNA-interference ac-
tivity [ 24 , 27 ]. Heterologous expression and purification of
Cascade complexes, followed by incubation with shortened
versions of TS –NTS bubbled DNA and Cas3, showed the
same capability to form the effector complex as full-length
TS ( Supplementary Fig. S7 ). 

Together, these data demonstrate that while PAM-distal
mismatches cause defects in the interference activity of Cas3,
the interface formed between Cas3’s CTD , the P AM-distal cr - 
RNA:TS hybrid, and Cas7.6 may not be essential for Cas3 

recruitment. This observation suggests that the interactions 
between Cas3 and the PAM-proximal Cas5 and Cas7 sub- 
units are sufficient to promote Cas3 binding, but not to license 
DNA-interference. 

Four Cas3 domains cooperate to guide and 

degrade the NTS 

To evaluate the role of specific Cas3 residues in DNA degrada- 
tion, we employed our EoT interference assay. Cas3-mediated,
HD-dependent DNA degradation is a well-established bio- 
chemical hallmark of Type I systems [ 66 ], and our EoT assays 
therefore provide a stringent in vivo readout of Cas3 activity,
directly linking interference efficiency to Cas3 catalytic func- 
tion. 

Point mutations in Cas3 showed varying effects, depending 
on how critical each residue is for DNA processing (Fig. 5 B).
Residues Q889 and Y887 are in close proximity with bases 
16 and 17 of the NTS, helping guide it into Cas3 (Fig. 2 D and 

Supplementary Fig. S8 ). Mutating Q889 to glutamate did not 
impair function. The NTS is then channelled between the CTD 

and RecA2 domains, with residues K652, S651, and K658 co- 
ordinating the phosphate backbone, and K892, M629, N841,
and R838 contacting the bases ( Supplementary Fig. S8 ). Be- 
fore reaching the HD nuclease domain, the NTS is twisted and 

further stabilized by RecA1 residue Q507 and CTD residues 
K827, K831, and K834 ( Supplementary Fig. S8 ). Individual 
mutations at K827 and Q507 did not disrupt the activity in 

the EoT assay. These data show that Cas3 robustly engages 
the NTS for interference. 

Together, the RecA1, RecA2, and CTD domains form a 
clamp that guides the NTS into the HD domain for cleavage.
The CTD acts like a sliding ramp, while RecA1 and RecA2 

help feed the DNA into the catalytic core. Since RecA1 and 

RecA2 are ATP-dependent helicase domains, we tested muta- 

tions in conserved Walker A and Walker B motifs. Mutation 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
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of H535A, the invariant lysine of the Walker A/P-loop motif
(GxxxxGK[ST]) (GxxxxGK[ST]) responsible for ATP bind-
ing, completely abolished activity (Fig. 5 B). Likewise, D532A,
which maps to the Walker B motif, critical for coordinating
Mg 2 + and ATP hydrolysis ( Supplementary Fig. S8 ), also elim-
inated interference (Fig. 5 B). In addition, mutation of H156A
in the HD nuclease domain disrupted DNA cleavage entirely
(Fig. 5 B), supporting a coordinated mechanism of ATP-driven
strand translocation and cleavage. 

These results confirm that the action of the helicase and
CTD domains is essential for NTS threading and degradation.
The DNA-binding channel formed by these domains ensures
accurate strand positioning, and disruption of key catalytic
residues halts interference entirely, emphasizing the conserved
ATP-driven mechanism of Cas3-mediated DNA degradation.

Cas3 is recruited in the helicase active 

conformation 

Previous studies have revealed structures of in trans or con-
stitutively recruited Cas3 bound to the R-loop Cascades in
Types I-E and I-A, respectively [ 14 , 22 , 41 , 67 ]. In brief, Type
I-A Cascade initially recruits Cas3 in an inactive state in the
absence of DNA. Only after the R-loop is fully formed is Cas3
activated allosterically and proceeds to nick and degrade the
NTS. In contrast, Cas3-Cascade association in Type I-E sys-
tems is triggered by the formation of the R-loop. This induces
a conformational change in Cas8, enabling the recruitment
of Cas3 in trans to nick the NTS, as observed in the struc-
ture of Xiao et al. [ 22 ]. The progressive degradation of the
NTS is then thought to be carried out in an ATP-dependent,
helicase-mediated manner independent of the Cascade
complex. 

The helicase/nuclease Cas3 typically consists of four sub-
domains to fulfil its task of unwinding and degrading ssDNA
(Fig. 3 A). The two SF2 helicase domains (RecA1 and RecA2)
are separated by a cleft, which harbors the ATP binding site
unoccupied in our structure ( Supplementary Fig. S8 ). Oppo-
site to this, the CTD acts as a sliding ramp that guides the
displaced NTS toward the HD nuclease domain. Nuclease ac-
tivity is metal dependent and is typically supported by Mg 2 +
or Mn 

2 + ions [ 68 ]. Although Fe 2 + has been observed in some 
crystal structures, these states are catalytically inactive and 

likely reflect non-physiological metal coordination [ 68 ]. Our 
use of Mg 2 + -containing purification buffers therefore repre- 
sents a functional substitution for the natural divalent cofac- 
tors. 

In our structure, we observe Cas3 recruited to the Cascade,
while at the same time threading the NTS through the cleft 
between RecA1, RecA2, and CTD, as observed in the helicase 
conformations reported by Huo et al. [ 68 ] ( Supplementary 
Fig. S9 ). In these crystal structures of I-E Cas3 in the absence of 
Cascade, ssDNA could be traced into the HD-domain, where 
it appeared to be hydrolyzed. However, in our structure, the 
NTS wraps around the CTD completely and exits Cas3 on the 
PAM distal site. 

Discussion 

Structural reduction and mechanistic divergence of 
interference in type I-F2 CRISPR –Cas systems 

Type I CRISPR –Cas systems use multisubunit Cascade com- 
plexes to monitor DNA and recruit the helicase –nuclease Cas3 

for target degradation. In most characterized subtypes, includ- 
ing Type I-E and Type I-F1, this process is tightly coordinated 

through a large subunit (Cas8), which mediates PAM recog- 
nition and controls the activation and recruitment of Cas3. In 

contrast, our structure of the minimal Type I-F2 Cascade from 

S. putrefaciens reveals a divergent architecture that functions 
independently of Cas8, suggesting a fundamentally different 
mechanism of DNA interference. 

The Type I-F2 Cascade comprises only Cas6f2, Cas5f2, and 

six Cas7f2 subunits, yet it retains full DNA targeting and 

degradation functionality. Our cryo-EM structure shows that 
Cas5f alone mediates PAM recognition via an AH domain that 
undergoes a conformational rearrangement upon engagement 
with the GG –PAM motif. This shift inserts a wedge helix into 

the major groove of the dsDNA, initiating strand separation 

and facilitating R-loop formation. This contrasts with Type 
I-E systems, where a glutamine wedge from the Cas8 large 
subunit inserts from the minor groove to initiate duplex melt- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
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ng. Thus, the I-F2 system adopts a more compact yet efficient
echanism for initiating interference. 
Following PAM recognition and R-loop formation, the
TS is guided along a groove formed by the Cas7f back-
one and directly handed off to Cas3. Unlike in I-E and
-F1 systems, where Cas3 is recruited in a helicase inac-
ive or partially active state and activated upon docking,
he Type I-F2 Cas3 is loaded in an active helicase con-
ormation. Our structure shows that Cas3 is stably posi-
ioned via multivalent interactions with the central Cas7f
ubunits and Cas5f, forming a continuous path for NTS
hreading through the helicase domains. Notably, the CTD
f Cas3, unresolved in previous Type I structures, adopts a
efined conformation that may contribute to DNA coordina-
ion and stabilization of the complex. This architecture sta-
ilizes the NTS trajectory and uniquely positions Cas3 for
he immediate initiation of processive DNA degradation upon
ecruitment. 

HDX-MS analysis supports this structural model by reveal-
ng protection patterns within the Cascade core upon DNA
oading and R-loop formation, and Cas3 effector loading-
ssociated changes likely linked to its activity state. These re-
ults underscore the functional sufficiency of a highly com-
act Cascade system in achieving precise and regulated inter-
erence. 

omparison to other type I mechanisms and 

volutionary considerations 

he mechanism observed in Type I-F2 represents a third mode
f Cas3 recruitment among Type I systems: in contrast to
as8-dependent allosteric activation in I-E and the consti-

utive loading seen in I-A, I-F2 relies on direct docking of
n active Cas3 via a simplified, Cas8-independent architec-
ure ( Supplementary Fig. S10 ). This suggests that the core
unctional requirements of CRISPR interference, PAM sens-
ng, R-loop formation, and Cas3 loading, can be implemented
hrough markedly different structural solutions. Consistent
ith our EoT assays, Cas3 primarily evaluates the structural

rajectory of the NTS rather than sequence identity at PAM-
istal positions, explaining why some double mismatches are
olerated despite pronounced effects of single mismatches. Re-
ent high-resolution structures of Type I-B and I-C Cascades
 15 ] further expand this diversity, revealing additional varia-
ions in PAM sensing and effector engagement. Together with
ur Type I-F2 structure, these comparisons highlight the re-
arkable mechanistic plasticity of Cascade assemblies across

he Type I family . Notably , the central positioning of Cas3
ithin the Type I-F2 Cascade shows mechanistic parallels to

ffector recruitment in Type IV-A systems, where the DinG
elicase is docked directly onto the interference complex [ 69 ,
0 ]. Although Type IV-A complexes contain a Cas8-like sub-
nit (Csf1), recent structures reveal that DinG is recruited to
he core of the Type IV-A complex through extensive inter-
ctions with the Cas7-backbone subunits rather than being
egulated via long-range allosteric activation. In this respect,
oth systems position their helicase effector centrally within
he surveillance complex to enable direct engagement with the
TS, despite differences in overall subunit composition and

volutionary origin. 
The minimization observed in Type I-F2 may reflect evolu-

ionary pressures such as compatibility with MGEs, genome
treamlining, or potential evasion of Acr mechanisms. Indeed,
many characterized Acr proteins target the large subunit Cas8
or interfere with Cas3 recruitment interfaces in Type I-E and
I-F1 systems. The complete absence of Cas8 in Type I-F2, to-
gether with pronounced structural divergence in Cas5f2 and
Cas7f2, is therefore consistent with a possible evolutionary
response to Acr-mediated inhibition. However, it should be
emphasized that this interpretation remains speculative, as no
Acr proteins targeting Type I-F2 systems have yet been identi-
fied or experimentally tested. Thus, while architectural simpli-
fication may contribute to functional robustness or avoidance
of known Acr strategies, direct experimental evidence will be
required to establish a causal link. 

Implications and per specti ves 

This work provides a mechanistic and structural frame-
work for understanding DNA interference by the most com-
pact Type I CRISPR system known to date. By revealing
how Cascade-mediated targeting and Cas3 engagement are
achieved in the absence of a large subunit, our study ex-
pands the catalogue of known CRISPR interference mecha-
nisms and highlights the evolutionary plasticity of Class 1
systems. The minimal size and simplified recruitment strat-
egy of the I-F2 system make it an attractive candidate for
genome engineering applications, especially in contexts where
delivery vector capacity or system modularity is a limiting
factor. Unlike Class 2 systems (Cas9/Cas12), which gener-
ate precise double-strand breaks [ 71 , 72 ], the I-F2 Cas3 ef-
fector enables long-range DNA degradation [ 73 ], broaden-
ing the scope of CRISPR-based editing [ 74 ]. However, sys-
tematic evaluations of delivery efficiency , specificity , and per-
formance in eukaryotic cells are still limited, and will be
required to define the practical advantages and constraints
of I-F2-based tools relative to established genome-editing
platforms. 

Together, these findings establish Type I-F2 as the most
minimal yet fully competent Class 1 interference system, un-
derscoring the versatility and evolutionary adaptability of
CRISPR –Cas immunity. 

Limitations 

While the DNA substrate used in this study was engineered to
stabilize a fully formed R-loop and therefore does not cap-
ture early surveillance or partial R-loop intermediates, this
strategy allowed us to structurally resolve the interference-
competent Type I-F2 effector complex. In Type I CRISPR –Cas
systems, Cas3 engagement with Cascade is normally coupled
to rapid DNA unwinding and degradation, which makes in-
tact effector assemblies inherently transient. To enable struc-
tural analysis, two independent stabilization strategies are
therefore required: first, engineering the DNA substrate to
favor formation of a stable, fully formed R-loop; and sec-
ond, preventing Cas3 turnover by omitting catalytic cofac-
tors. Variants of these approaches have been widely used in
structural studies of Type I CRISPR –Cas systems to capture
interference-competent states that would otherwise be short-
lived. Although this design limits direct insight into the earliest
steps of duplex unwinding, extensive biochemical and struc-
tural evidence indicates that PAM-dependent DNA melting
followed by stepwise crRNA:TS hybridization is conserved
across Type I systems, as summarized in recent reviews [ 75 ].
Accordingly, we expect that similar principles govern DNA
unwinding in Type I-F2 despite the absence of Cas8. The struc-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag136#supplementary-data
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ture presented here thus represents a late-stage, interference-
ready state rather than the full sequence of conformational
transitions leading to R-loop formation. Functionally, the EoT
assay provides a robust in vivo readout of interference effi-
ciency but reports qualitative outcomes rather than kinetic
parameters such as Cas3 loading rates or DNA degradation
processivity. In addition, due to the repetitive architecture of
the Cas7-backbone, HDX-MS cannot resolve dynamics at the
level of individual Cas7 subunits or specific side-chain inter-
faces but instead reports on collective conformational stabi-
lization associated with R-loop formation and Cas3 engage-
ment. Nevertheless, the strong agreement between our cryo-
EM structure, HDX-MS-derived conformational dynamics,
and functional EoT assays supports the biological relevance
of this stabilized complex and provides a mechanistic frame-
work for Cas3 engagement and NTS processing in the mini-
mal Type I-F2 system. 
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