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Figure S1. Classification of type IV subytypes. Related to Figure 1. Schematic of the three 
distinct type IV subtypes defined in (Makarova et al., 2020).  Genetic features (genes and 
CRISPRs) found primarily in a single subtype are colored red. Gray rectangles indicate genes 
expected to encode proteins that form RNP complexes. The cas11 gene is colored white to 
highlight that it is found within the subtypes lacking a CRISPR (subtypes IV-B and IV-C). The 
HD nuclease domain of the cas8-like subunit of IV-C is colored black. 
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Figure S2. Purification of the M. sp JS623 RNP complex by affinity chromatography (N-
Strep-MsCsf2) and size exclusion chromatography. Related to Figure 1. a, Diagram of 
plasmid used to express the type IV-B complex in BL21 DE3 cells. b, SEC chromatogram 
highlighting peaks corresponding to Csf2:Cas11 filaments and the RNP complex. c, SDS-PAGE, 
UREA-PAGE, and negative stain data indicating the presence of Csf2:Cas11 bound to long RNAs 
to create filamentous structures. d, SDS-PAGE, UREA-PAGE, and negative stain data indicating 
the presence of Csf1, Csf2, Csf3, and Cas11 bound to short, distinct RNAs to create an RNP 
complex.  



 



Figure S3. RNA sequencing on co-purifying nucleotides with type IV complex. Related to 
Figure 1. a, UREA-PAGE gel showing nucleic acids co-purifying with the type IV-B complex. The 
triangle indicates the ~60nt band purified from isolated type IV-B complexes that was used for 
RNA sequencing analysis. b, Percentage of reads mapping to either to expression plasmid, 
chromosome, or of unknown origin. c, Distribution of reads mapping on the expression plasmid.  
d, Comparison of repeat-containing RNAs from the total cellular RNA population (“total RNA”) 
and type IV RNP-associated (“type IV”) RNAs mapped on the CRISPR array of the expression 
plasmid (in blue). Reads indicated in green represent the 61-nt RNAs with a perfect repeat-
derived 8-nt 5’ handle, reminiscent of Cas6-mediated cleavages in the repeats. 
  
  
  
 
  
  



 



Figure S4. Cryo-EM analysis of Csf. Related to Figure 1. a, Representative micrograph of Csf 
complex particles. b, 2D class averages of discrete Csf oligomers used for 3D reconstruction. c, 
Euler angular distribution of particles contributing to final 3D reconstruction. d, Fourier shell 
correlation (FSC) of final 3D reconstruction, with a global resolution of 3.9 Å at the 0.143 threshold. 
e, Map-to-model FSC, with a model resolution of 4.1 Å at the 0.5 threshold. f, Map of Csf complex 
colored by local resolution. g – I, Representative atomic models and corresponding cryo-EM 
densities for Csf2 (g), Cas11 (h) and RNA (i). j, Low-pass filtered (8 Å) map of Csf complex at 
three different isosurface thresholds. At lower thresholds (0.0178 & 0.00396), additional density 
appears at the top of the complex. This density may correspond to Csf1 Csf3 subunits, however 
the low resolution of this region makes unambiguous subunit assignment impossible.  

  



 

 



Figure S5. Comparison to Cascade complexes. Related to Figure 2. a, Comparison of Type 
IV-B Csf with other effector/Cascade complexes. crRNA within Type III-A (PDB 6o7i) (Jia et al., 
2019), III-B (PDB 3x1l) (Osawa et al., 2015) & I-C (O’Brien et al., 2020) (7kha) complexes were 
aligned to Csf RNA (RMSD 5.9 Å, 8.8 Å, and 12.7 Å respectively). Due to the highly curved nature 
of type I-E (4tvx) (Jackson et al., 2014) and I-F (5uz9) (Chowdhury et al., 2017) crRNA, it was not 
possible to perform such alignment to IV-B. Instead, individual backbone subunits were aligned 
to corresponding Csf2 subunits, thus aligning the top of I-E or I-F with the top of IV-B (RMSD 
~24.4 Å and 25.8 Å, respectively). In all complexes, non-Cas7/Cas11 subunits are shown as 
transparent surfaces. All Cas7/Cas11 and RNA, crRNA and TS are colored as in Figures 1 & 2, 
with the addition of the TS in light red. b, Alignment of Cas7 with Csf2. Csf2 is shown as grey, 
transparent cartoon. RMSD is typically ~20 Å – 25 Å, although they clearly align well by eye. The 
high RMSD is likely due to presence of additional residues not present in Csf2. c, Cas11 subunits. 
All Cas11 subunits are helical bundles that resemble each other. However, due to diverse Cas11 
sequences these subunits align poorly (RMSD 16 Å – 18 Å). d, Alignment of (cr)RNA from 
available CRISPR effector complexes. Type IV-B RNA aligns more closely to type III-A and -B 
crRNAs, consistent with the proposed evolutionary lineage of type IV CRISPR systems emerging 
from a type III-like ancestor. e, Overlay of type IV-B and type III-A CRISPR complexes based on 
RNA alignment. Type III-A displays the strongest structural homology between Cas7 subunits. 

 

 
  





Figure S6. Surface electrostatics of Csf complex. Related to Figure 2. a & b, Cas11 and Csf2 
filaments. Green dashed outlines denote complementary surfaces. b, Surface electrostatics of 
the Csf complex. Cas11 subunits and RNA path are outlined. RNA is shown as green cartoon, 
but it is almost completely occluded by Cas7 subunits. The overall path of the RNA bound within 
the Cas7 filament is outlined by green dashed lines. c, Csf2 filament with RNA contacts (green 
spheres) shown. Cas11 minor filament is removed for clarity. RNA is bound by a contiguous 
positively-charged surface. The high electrostatic contribution to RNA binding by Csf2 is typical 
of non-specific RNA-binding proteins (Bravo et al., 2020, 2018). 
   



 

 
 
Figure S7. Weblogo of cleavage loop, with candidate catalytic residue (D42) denoted by 
arrow. Related to Figure 2. Multiple sequence alignment (MSA) generated using the top 100 
result from a BLAST search against the Csf2 sequence from M. sp JS623. Output from the MSA 
was used to generate a sequence logo using the WebLogo server (Crooks et al., 2004) and 
conservation score used in Figure 2. 
  
 
  



Data collection and processing 

Magnification 22,500x 

Voltage (kV) 300 

Electron exposure (e-/Å) 40 

Defocus range (µM) -1.5 to -3.0 

Symmetry imposed C1 

Final particle images 296,319 

Map resolution (Å) 3.9 

FSC threshold 0.143 

Map resolution range (Å) 3.5 to > 8 

Refinement 

Model resolution (Å) (0.143 FSC) 4.1 

Map sharpening B factor (Å2) 130.2 

Model composition 

Nonhydrogen atoms 16636 

Residues (Protein/RNA) 2083/31 

B factors (Å2) (min/max/mean) 

Protein 19.75/206.87/81.59 

RNA 34.71/125.88/56.91 

r.m.s. deviations 

Bond lengths (Å)/bond angle (º) 0.005/1.112 

Validation  

MolProbity score 1.9 

Clashscore 4.72 

Poor rotamers (%) 0 

Ramachandran plot 

Favoured/Allowed/Disallowed (%) 84.99/15.01/0 
Table S1. Cryo-EM data collection and processing parameters. Related to Figure 1. 

 



Transparent Methods 
  
Expression and purification of the M. sp JS623 Csf complex 

E.coli BL21 (DE3) cells containing the pCDF-Duet1-Csf1-Cas11-Strep-Csf2-Csf3(MCS1)-Cas6 
array (MCS2) expression vector were inoculated in 6 X 0.5 L lysogeny broth (LB) and grown at 
37°C with 200 rpm shaking. Cells were grown to an optical density (O.D. 600 nm) between 0.6-
0.7 then cold shocked on ice for 30-60 min. Recombinant protein expression was induced with 
0.8 mM IPTG (isopropyl β-D-1-thiogalactopyranoside). After induction, cells were grown at 16°C 
for 18-24 hours and pelleted via centrifugation. Pelleted cells were resuspended in 20-30 mL 
Buffer W (100 mM Tris, pH 8.0; 150 mM NaCl; 2 µM ZnSO4). Protease inhibitors were added to 
the following final concentrations: 10 µg/mL leupeptin, 2 µg/mL aprotinin, and 170 µg/mL 
phenylmethylsulfonyl fluoride (PMSF). Cells were lysed by sonication and lysate was clarified by 
centrifugation. Polyethylenimine was added to the soluble fraction at a final concentration of 0.1% 
to precipitate nucleic acids and again clarified by centrifugation. The supernatant was applied to 
a StrepTrap HP 5 mL column (GE Healthcare) and the bound protein was eluted with Buffer E 
(Buffer W + 5 mL desthiobiotin). The RNP complex was further purified with a Superose6 Increase 
10/300 GL column (GE Healthcare), eluting into SEC Buffer (50 mM HEPES, pH 8.0; 150 mM 
NaCl; 2 µM ZnSO4).  

RNA sequencing and analysis 

Nucleic acids that co-purified with type IV-B complex were extracted with acid phenol:chloroform 
and subsequent ethanol precipitation. The resulting fraction was loaded on a 20% denaturing 
PAGE gel after which a band of approximately 55-60 nt (Figure S3A) was excised and purified 
from gel using the ZR small-RNA PAGE Recovery Kit (Zymo Research, USA). Small RNAs were 
prepared by GenXPro (GenXPro GmbH, Germany) using the TrueQuant smallRNA Seq kit 
according to the manufacturer’s instructions and were sequenced on a HiSeq2000 (Illumina, 
USA). After quality control filtering and adapter trimming using Cutadapt (Martin, 2011), the reads 
were mapped on the expression plasmid and the E.coli BL21 (DE3) genome (Genbank accession 
CP001509) with Geneious Prime 2020.10.2 (https://www.geneious.com). For comparing the 
abundance and processing of (mature) crRNAs of the total cellular RNA population versus those 
associated with the type IV complex (Figure S2D), the extracted total RNAs (NEB Monarch Total 
RNA Miniprep Kit) were first depleted for ribosomal RNAs (Invitrogen Ribominus Transcriptome 
Isolation Kit) before they were sequenced on an Illumina MiSeq (Center for Integrated 
Biosystems, Utah State University, USA). After quality control and adapter trimming, the resulting 
reads were mate-paired and merged using SeqPrep (https://github.com/jstjohn/SeqPrep), filtered 
for reads containing CRISPR-array repeat nucleotides, and mapped on the expression plasmid 
using Geneious (Langmead et al., 2009). Visualisation of the mapping results and further 
downstream analyses were performed using Geneious and Microsoft Excel.  
  
Cryo-EM data acquisition and processing  

C-flat holy carbon grids (CF-4/2, Protochips Inc.) were glow-discharged for 30 seconds using a 
Gatan Solarus plasma cleaner. 2.5 μl of Type IV complex (~0.3 mg/ml) was applied onto grids, 
blotted for 2.5 seconds with a blotting force of 1 and rapidly plunged into liquid ethane using a FEI 
Vitrobot MarkIV operated at 4 °C and 100% humidity. Data were acquired using a FEI Titan Krios 



transmission electron microscope (Sauer Structural Biology Laboratory, University of Texas at 
Austin) operating at 300 keV at a nominal magnification of ×22,500 (1.1 Å pixel size) with defocus 
ranging from -1.5 to -3.0 μm. The data were collected using a total exposure of 6 s fractionated 
into 20 frames (300 ms per frame) with a dose rate of ~8 electrons per pixel per second and a 
total exposure dose of ~40 e–Å–2. Three datasets were automatically recorded on a Gatan K2 
Summit direct electron detector operated in counting mode using the MSI-Template application 
within the automated macromolecular microscopy software LEGINON (Suloway et al., 2005).  

All image pre-processing was performed in Appion (Lander et al., 2009). Individual movie frames 
were aligned and averaged using ‘MotionCor2’ drift-correction software (Zheng et al., 2017). The 
contrast transfer function (CTF) of each micrograph was estimated using CTFFIND4 (Rohou and 
Grigorieff, 2015). Particles were picked with a template-based particle picker using a reference-
free 2D class average from a small subset of manually picked particles as templates. Selected 
particles were extracted from micrographs using particle extraction within Relion (Scheres, 2012) 
and the coordinates exported from Appion. After multiple rounds of 2D classification in Relion to 
remove junk particles, 824,421 particles were left and imported into cryoSPARC (Punjani et al., 
2017) for further processing. After multiple rounds of 2D classification and heterogeneous 
refinement, a final reconstruction containing 296,319 particles was determined to a global 
resolution of 3.9 Å (based on the gold standard 0.143 FSC criterion using two independent half-
maps) using local refinement (implementing non-uniform refinement) with a mask corresponding 
to the entire complex. 

Csf model building, refinement and structural analysis 

An atomic model for the Csf complex was built de novo in Coot (Emsley et al, 2004), and subjected 
to multiple iterative rounds of molecular dynamics - flexible fitting in Namdinator (Kidmose et al, 
2019) and real-space refinement in Phenix (Afonine et al., 2018). The majority of the RNA was 
modelled as polyU, with occasional bases modelled as A depending on the size of the cryoEM 
density corresponding to the nucleobase (i.e. if the density was unambiguously a purine, (Bravo 
et al., 2021)).  The refined Csf complex model was validated using MolProbity (Chen et al., 2010) 
as implemented in Phenix. Protein sequence conservation analysis was performed using online 
ConSurf (Ashkenazy et al., 2016) server, with multiple sequence alignment (MSA) generated 
using the top 100 result from a BLAST search against Csf sequences. Output from the MSA was 
used to generate a sequence logo using the WebLogo server (Crooks et al., 2004). Maps and 
models were visualized using ChimeraX (Goddard et al., 2018) and the electrostatic surfaces 
were determined using the APBS plugin (Baker et al., 2001) within PyMol. Root-mean-square 
deviation (r.m.s.d.) values between equivalent atoms in Csf2 and type III-A Csm3, and between 
type IV-B RNA and III-A crRNA were calculated using ChimeraX and PyMol. 
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