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SUMMARY

We reveal the cryo-electron microscopy structure of a type IV-B CRISPR ribonu-
cleoprotein (RNP) complex (Csf) at 3.9-Å resolution. The complex best resembles
the type III-A CRISPR Csm effector complex, consisting of a Cas7-like (Csf2) fila-
ment intertwined with a small subunit (Cas11) filament, but the complex lacks
subunits for RNA processing and target DNA cleavage. Surprisingly, instead of
assembling around a CRISPR-derived RNA (crRNA), the complex assembles
upon heterogeneous RNA of a regular length arranged in a pseudo-A-form
configuration. These findings provide a high-resolution glimpse into the assembly
and function of enigmatic type IV CRISPR systems, expanding our understanding
of class I CRISPR-Cas system architecture, and suggesting a function for type IV-B
RNPs that may be distinct from other class 1 CRISPR-associated systems.

INTRODUCTION

Bacteria and archaea employ CRISPR (Clustered Regularly Interspaced Short Palindromic Repeat)-Cas

(CRISPR-associated) systems for adaptive immunity against phages, plasmids and other mobile-genetic el-

ements (Makarova et al., 2020). In the multi-subunit class 1 systems, the CRISPR locus is transcribed and

processed into small crRNA guides (CRISPR-derived RNA), around which several Cas proteins assemble

to form large ribonucleoprotein (RNP) complexes that facilitate RNA-guided surveillance and degradation

of complementary targets (Hille et al., 2018). While a myriad of structures have been determined for most

types of CRISPR RNA-guided complexes (types I (Chowdhury et al., 2017; Jackson et al., 2014; Mulepati

et al., 2014; Rollins et al., 2019; Xiao et al., 2018), II (Jiang et al., 2016; Jinek et al., 2014; Zhu et al., 2019),

III (Jia et al., 2019; Sofos et al., 2020; Taylor et al., 2015; You et al., 2019), V (Li et al., 2021; Liu et al.,

2019; Stella et al., 2017; Takeda et al., 2021; Zhang et al., 2020), and VI (Meeske et al., 2020; Slaymaker

et al., 2019; Yan et al., 2018)), the RNP complexes of the highly diverse type IV CRISPR systems have largely

remained structurally uncharacterized (Crowley et al., 2019; Faure et al., 2019; Makarova et al., 2020; Özcan

et al., 2019; Taylor et al., 2019).

Type IV CRISPR systems primarily occur within plasmid-like elements, lack genes encoding adaptation

modules (cas1, cas2, and cas4), and are classified into three distinct subtypes (IV-A, IV-B, IV-C) (Makarova

et al., 2020; Özcan et al., 2019; Pinilla-Redondo et al., 2019). All type IV systems contain genes that encode

for Csf2 (Cas7), Csf3 (Cas5), and Csf1 (large subunit) proteins, which assemble around an RNA to form a

multi-subunit complex (Makarova et al., 2020; Özcan et al., 2019; Pinilla-Redondo et al., 2019). However,

subtype-specific signature genes suggest distinct subtype functions. Type IV-A systems encode a DinG

helicase shown to be essential for type IV-A mediated plasmid clearance (Crowley et al., 2019), Type IV-

B systems contain the ancillary gene cysH of the phosphoadenosine phosphosulfate reductase family,

and type IV-C systems encode a large subunit that contains an HD-nuclease domain (Makarova et al.,

2020; Özcan et al., 2019; Pinilla-Redondo et al., 2019) (Figure S1). Additionally, type IV-A systems encode

a CRISPR array and crRNA endonuclease, while type IV-B and type IV-C systems generally do not. It has

been proposed that systems lacking a CRISPR array form complexes on crRNAs generated from other

CRISPR systems (e.g. type I or type III), but this hypothesis has yet to be explored experimentally. Interest-

ingly, the two subtypes that do not contain a CRISPR array (type IV-B and type IV-C) encode a small a-helical

protein (Cas11) predicted to form part of the multi-subunit complex. Thus, there are two distinct type IV

multi-subunit complexes, one that contains the small Cas11 subunit (types IV-B and IV-C), and another

(type IV-A) that does not contain Cas11 but contains a crRNA derived from a type IV-A CRISPR array and

processed by a type IV Cas6 endonuclease. To better understand the function of type IV CRISPR systems
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as well as their subtype-specific similarities and differences, we isolated a type IV-B complex, analyzed the

sequence of the small RNAs bound within the complex, and determined a near-atomic resolution structure.

RESULTS

The type IV-B RNP assembles on non-specific RNAs

TheMycobacterium sp. JS623 type IV-B CRISPR operon is encoded within a megaplasmid and lacks both a

pre-crRNA maturase (Cas6/Csf5 (Özcan et al., 2019; Taylor et al., 2019) and a CRISPR array, containing only

csf1 (Cas8-like large subunit), cas11 (small subunit), csf2 (Cas7) and csf3 (Cas5) genes (Figure 1A). Interest-

ingly,M. sp. JS623 also harbors a type I-E system (with an associated CRISPR array) on the same megaplas-

mid, and another type IV-B operon encoded on a different megaplasmid (Figure 1A), suggesting that type

IV-B complexes may assemble on crRNAs encoded and processed by other CRISPR systems. However, the

structure and function of such hybrid complexes are unknown.

To gain mechanistic insights into the type IV-B system, we transformed E. coli BL21 cells with an expression

plasmid encoding the M. sp. JS623 type IV-B Cas proteins, and the M. sp. JS623 type I-E Cas6 and associ-

ated CRISPR array (Figure S2A). Using strep-tag affinity, size exclusion chromatography, and subsequent

negative stain we observed filamentous RNP complexes that eluted close to the void volume and a smaller,

discrete, RNA-containing species reminiscent of class 1 multi-subunit crRNA-guided complexes (Figure S2)

(Makarova et al., 2017). While this latter fraction contained all four Csf subunits, Csf2 and Cas11 were the

most abundant (Figure S2). Despite the appearance of a uniform band length of �55–60 nucleotides on

denaturing PAGE (Figures S2D and S3A), RNAseq analysis revealed bound RNAs were heterogeneous in

sequence identity. Few RNAs were derived from the plasmid-encoded CRISPR array, while the majority

of Csf-bound RNAs originated from the expression plasmid (63%) (Figures S3B and S3C). To exclude the

possibility that this was due to low expression of the CRISPR array and/or lack of crRNA processing by

Cas6, we repeated this analysis and compared it to an RNA-seq analysis of the total cellular population

of RNAs (total RNA) extracted from the same host (Figure S3D). These results showed that the CRISPR array

was indeed expressed and processed by Cas6, resulting in mature crRNAs with a typical eight nucleotide 50

handle (a characteristic for Cas6-mediated cleavages in the repeats). However, themature crRNAs were not

enriched in the RNAs isolated from type IV RNPs and were in low abundance (�0.12% of all reads). The

apparent lack of sequence specific assembly of the Csf complex on mostly non-crRNAs is different from

other CRISPR-Cas systems (Makarova et al., 2017), and might be indicative of a role of type IV CRISPR-

Cas systems in functions other than antiviral defense.

The architecture of the type IV-B RNP resembles type III effector complexes

To compare the type IV-B RNP complex to the complexes of other class 1 systems, we next determined a

cryo-EM structure of the IV-B Csf complex at 3.9 Å resolution (Figures 1B and S4, Table S1), allowing us to

build an atomic model of the complex de novo (Figure 1C). The type IV-B complex resembles a sea cucum-

ber, with six Csf2 (Cas7-like) subunits forming a helical ‘‘backbone,’’ and five Cas11 subunits comprising a

helical ‘‘belly’’. Each Cas11 subunit sits upon a Csf2-Csf2 interface (Figures 1D–1F). The ‘‘a-helix bundle’’

topology of Cas11 (Figure S5C) and presence of a contiguous positively-charged patch running along

the length of the minor filament (Figure S6) are typical of Cas11 small subunits in class 1 CRISPR systems

(Rollins et al., 2019; Xiao et al., 2017), although the arrangement of helices within type IV Cas11 is distinct

from type I and type III small subunits.

Like other class 1 Cas7 proteins, Csf2 adopts a hand-shaped structure with fingers, a palm, and a thumb.

The palmmakes extensive contacts with the bound RNA (buried surface area of�1200 Å2 per Csf2 subunit)

(Figure 2A), while the thumbs of neighboring Csf2 subunits protrude into the center of the palm, inducing a

kink in the RNA backbone and a ‘‘flipped’’ base at six nucleotide intervals (typical of other class 1 complexes

(Jackson et al., 2014; Taylor et al., 2015)). Using our atomic model of Csf2, we searched for structural homo-

logs. Csf2 had significant similarity to the type III-A CRISPR Csm3 (i.e. Cas7) subunit (Dali Z score of 14.1),

despite a sequence identity of only 16%. Csf2 and Csm3 superimpose with an r.m.s.d of 2.9 Å and use

equivalent interfaces to bind RNA and induce near-identical RNA backbone conformations (r.m.s.d of

1.5 Å) (Figure 2A). This supports previous bioinformatics-based hypotheses that type IV systems originated

from type III-like ancestors (Makarova et al., 2020; Özcan et al., 2019; Pinilla-Redondo et al., 2019).

The type III backbone protein Csm3 cleaves the phosphodiester backbone of crRNA-bound target strand

(TS) RNA at 6-nt intervals (Staals et al., 2014; Steens et al., 2021). Given that the Csm crRNA aligns almost
2 iScience 24, 102201, March 19, 2021
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Figure 1. Structure of type IV-B CRISPR complex

See also Figures S1–S4 and Table S1.

(A) M. sp. JS623 plasmid-encoded CRISPR operons. Top: Type IV-B and I-E CRISPR loci present on pMCYCM02

megaplasmid. Bottom: Additional type IV-B locus encoded by pMCYCM03 megaplasmid. Genes predicted to encode

RNP complex subunits are indicated with a gray rectangle.

(B) 3.9 Å-resolution cryo-EM reconstruction of type IV-B CRISPR complex. Cas7 subunits are colored blue and white, and

five Cas11 subunits are colored as a yellow-orange-red gradient. Csf-bound RNA is green.

(C) Refined model for the Csf effector complex derived from the cryo-EM maps shown in (B).
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Figure 1. Continued

(D) Schematic of Cas7-Cas11 interactions. Five Csf2-Cas11 interactions occur in this complex (labeled i – v).

(E) Positions of Cas11 contacts on Csf2 backbone, colored magenta as shown in panel D. Cas11 sits upon the Csf2-Csf2

interface.

(F) Cas11 binds at the interface with buried surface area of 505 Å2 (150 Å2 and 355 Å2 with Csf2.3 and Csf2.4, respectively).

Cas11 is completely occluded from bound RNA. Csf2 subunits are intimately connected (1021 Å2) and make a network of

contacts with bound RNA (�1200 Å2 buried surface area per Csf2 subunit).
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perfectly with Csf-bound RNA, we reasoned that Csf2 might also possess RNase activity. Within our

aligned structures, both the catalytic Asp36Csm3 residue and the conserved Asp42Csf2 residue are

similarly positioned within an unstructured ‘‘catalytic loop’’ (Figures 2C–2E and S7). However, despite

this similarity, structural alignment with a target-bound type III complex reveals significant steric clashes

between the path of the bound nucleic acid target and the Csf2 catalytic loop (Figures 2F and 2G), suggest-

ing a significant conformational rearrangement of subunits would need to occur upon target binding to

place = Asp42Csf2 in a position amenable to catalyze target RNA cleavage. Thus, additional substrate

bound structures and in vitro functional assays are needed to more fully explore the possibility of Csf2-

mediated RNase activity.
DISCUSSION

Our structure of the Csf complex provides evidence that type IV-B evolved from type III CRISPR-Cas sys-

tems but lost its CRISPR and Cas6-based crRNA processing activity due to functional respecialization.

Although the M. sp. JS623 type IV-B operon contains both Csf3 (Cas5) and the putative large subunit

Csf1, we did not observe corresponding densities within the high-resolution cryo-EM structure. However,

bands that correspond to Csf1 and Csf3 are observed in SDS-PAGE analysis of the sample (Figure S2D), and

there is unmodeled ambiguous density on the top and bottom of the complex that could represent a flex-

ible association with Csf1 and Csf3 or additional Csf2 subunits. In type I CRISPR systems, Cas5 binds the 50

crRNA handle with high affinity and sequence specificity, nucleating complex assembly (Chowdhury et al.,

2017; Hochstrasser et al., 2016; Jia et al., 2019). The lack of discernible density for the Cas5-like Csf3 subunit

within our complex may explain the heterogeneous assembly of type IV-B Csf complexes around non-spe-

cific RNA (Figure S3). However, because the type IV-B system does not encode a CRISPR array, the identity

of the RNA sequence that Csf3 would specifically recognize is unknown. Indeed, it remains to be deter-

mined whether Csf3 truly serves a similar role to the Cas5 subunits in other systems, binding the 50-handle
of processed crRNAs. We hypothesized that crRNAs generated from the adjacent type I-E CRISPR and

Cas6 endonuclease would be bound by the type IV-B complex. However, our sequencing analysis showed

no enrichment for crRNAs within the RNPs or any other RNAs available in the total sample. Interestingly,

recent bioinformatic analysis indicated a negative co-occurrence of type IV-B systems with other CRISPR

systems suggesting their function is not dependent on co-occurring CRISPR arrays (Pinilla-Redondo

et al., 2019). The ability of the Csf complex to assemble on non-specific RNAs of a uniform length suggests

that type IV-B systems may have been functionally repurposed for a yet to be identified role.

The lack of discernible density for the Csf3 and Csf1 subunits suggests our structure may not accurately reflect

the functional type IV-B Csf effector complex. However, several lines of reasoning argue that even without

obvious density for Csf1 andCsf3, this complex provides important insights into understanding type IV-B system

function. Superposition of the helical Cas7 backbones from type III effector complexes with our structure shows

that they are nearly identical in arrangement (Figure S5A). Additionally, the crRNA from the type IV RNP can be

overlaid on that of the type III effector with an r.m.s.d. of 1.5 Å (Figure 2A), indicating our complex presents RNA

in a conformation amenable for base pairing with complementary nucleic acid. In fact, studies have shown that

there are no structural differences between filaments assembled around non-specific RNAs and correctly pro-

cessed crRNAs bound to the effector (Hochstrasser et al., 2016). Importantly, the structures of all CRISPR-Cas

effector complexes involve non-sequence specific interactions between the crRNA andCas7-like backbone pro-

teins, suggesting that there would be no structural differences between a random RNA and a crRNA bound

within the Cas7 backbone of an RNP complex. Thus, our structure likely accurately represents the structure of

the Cas7-like core of the effector complex even though it is bound to heterogeneous RNA, and no density is

observed for Csf1 and Csf3. Completely novel information is gleaned from our cryo-EM reconstruction of the

type IV-B RNP including (1) the first structure of a type IV Cas11 protein, which adopts a novel small subunit

fold, (2) the first structure of a Cas7-like Csf2 subunit, and (3) interactions between these subunits with each other

and with bound RNA.
4 iScience 24, 102201, March 19, 2021



Figure 2. RNA-binding by type IV-B Cas7

See also Figures S5–S7.

(A) RNA (green) binding site runs across the palms of Csf2 subunits. Csf2.3 is colored according to conservation. The

‘‘thumb’’ of the n-1 Csf2 (i.e. Csf2.2) protrudes into the backbone of bound RNA (solid green), inducing a kink.

(B) Alignment of type III-A backbone subunit Csm3 (PDB 607i, transparent) with Csf2 (solid blue). Csm3 and Csf2 align with

an r.m.s.d. of 2.9Å, with a Dali server Dali server Z score 14.1. Csf2-bound RNA binds in the same conformation as crRNA

(transparent green) to Csm3 (RMSD of 1.5 Å). Catalytic residue Asp36Csm3 and putative catalytic residue Asp42Csf2 side

chains are located near the target strand (TS - transparent red), bound to the type III crRNA (transparent green).

(C) Residues flanking unstructured catalytic loop (27–35) and apical loop of Csm3 thumb also interact with the TS. Catalytic

residue D36 is shown for clarity.

(D) Putative interactions with Csf2 and TS, based on alignments with the Csm complex.

(E) Putative interactions colored by conservation. The Csf2 thumb contains a flexible 20 residue insertion, not visible in our

cryo-EM map.

(F), Path of TS bound by type III-A Csm complex.

(G) Putative path of TS along IV-B. Severe classes with TS and Csf2 are circled in green.
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Since all type IV systems identified lack adaptation subunits and almost all (97.8%) type IV-B operons iden-

tified lack a CRISPR array, it is likely they do not participate in selective pre-spacer acquisition or adaptive

immunity (Makarova et al., 2020; Özcan et al., 2019; Pinilla-Redondo et al., 2019). Instead, they may have

been co-opted for an orthogonal function. While there is a precedent for the repurposing of CRISPR sys-

tems for non-defense functions (Halpin-Healy et al., 2020; Klompe et al., 2019), the role of type IV-B systems

remains a mystery. A particularly tantalizing hypothesis is that type IV-B Csf complexes assemble on small

RNAs, acting as non-specific RNA-sponges, and enabling IV-B-encodingmegaplasmids to evade targeting

by host cell RNA guided defenses (Pinilla-Redondo et al., 2019). Future experiments are essential to reveal

the biological functions of type IV systems. Recent classifications have indicated that although type IV-B

systems are highly diverse, they are almost always associated with an adenosine 50-phosphosulfate reduc-

tase-family gene cysH (Makarova et al., 2020; Özcan et al., 2019; Pinilla-Redondo et al., 2019) (Figure S1).

Thus, understanding the interplay between cysH and the type IV-B Csf RNP complex may be the key to de-

ciphering the enigmatic role of type IV-B CRISPR systems.
iScience 24, 102201, March 19, 2021 5
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Limitations of the study

The current structure lacks discernible density for Csf1 and Csf3 proteins. The equivalent subunits in Type I

systems are responsible for specific functions. Without complementary functional in vitro and in vivo data, it

is impossible to unambiguously characterize the current structure as a functional effector complex.

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, David W. Taylor (dtaylor@utexas.edu).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability

The cryo-EM structure and associated atomic coordinates have been deposited in the ElectronMicroscopy

DataBank and the Protein DataBank with accession codes EMD-22340 and PDB: 7JHY, respectively. The

accession number for the RNA sequencing data reported in this paper is SRA: SUB8825456.

METHODS

All methods can be found in the accompanying Transparent methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.102201.
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Garrett, R.A., Randau, L., Sørensen, S.J., and
Shah, S.A. (2019). Type IV CRISPR–Cas systems
are highly diverse and involved in competition
between plasmids. Nucleic Acids Res. 48, 2000–
2012.

Rollins, M.C.F., Chowdhury, S., Carter, J., Golden,
S.M., Miettinen, H.M., Santiago-Frangos, A.,
Faith, D., Lawrence, C.M., Lander, G.C., and
Wiedenheft, B. (2019). Structure reveals a
mechanism of CRISPR-RNA-guided nuclease
recruitment and anti-CRISPR viral mimicry. Mol.
Cell 74, 132–142.e5.

Slaymaker, I.M., Mesa, P., Kellner, M.J., Kannan,
S., Brignole, E., Koob, J., Feliciano, P.R., Stella, S.,
Abudayyeh, O.O., Gootenberg, J.S., et al. (2019).
High-resolution structure of Cas13b and
biochemical characterization of RNA targeting
and cleavage. Cell Rep. 26, 3741–3751.e5.

Sofos, N., Feng, M., Stella, S., Pape, T., Fuglsang,
A., Lin, J., Huang, Q., Li, Y., She, Q., andMontoya,
G. (2020). Structures of the cmr-b complex reveal
the regulation of the immunitymechanism of type
III-B CRISPR-cas. Mol. Cell 79, 741–757.e7.

Staals, R.H.J., Zhu, Y., Taylor, D.W., Kornfeld, J.E.,
Sharma, K., Barendregt, A., Koehorst, J.J., Vlot,
M., Neupane, N., Varossieau, K., et al. (2014). RNA
targeting by the type III-A CRISPR-cas Csm
complex of thermus thermophilus. Mol. Cell 56,
518–530.
Steens, J.A., Zhu, Y., Taylor, D.W., Bravo, J.P.K.,
Prinsen, S.H.P., Schoen, C.D., Keijser, B.J.F.,
Ossendrijver, M., Hofstra, L.M., Brouns, S.J.J.,
et al. (2021). SCOPE: Flexible Targeting and
Stringent CARF Activation Enables Type III
CRISPR-Cas Diagnostics. bioRxiv. https://doi.
org/10.1101/2021.02.01.429135.

Stella, S., Alcón, P., and Montoya, G. (2017).
Structure of the Cpf1 endonuclease R-loop
complex after target DNA cleavage. Nature 546,
559–563.

Takeda, S.N., Nakagawa, R., Okazaki, S., Hirano,
H., Kobayashi, K., Kusakizako, T., Nishizawa, T.,
Yamashita, K., Nishimasu, H., and Nureki, O.
(2021). Structure of the miniature type V-F
CRISPR-Cas effector enzyme. Mol. Cell 81, 558–
570.e3.

Taylor, D.W., Zhu, Y., Staals, R.H.J., Kornfeld, J.E.,
Shinkai, A., Oost, J., Nogales, E., and Doudna,
J.A. (2015). Structure of the CRISPR-Cmr complex
reveal mode of RNA target positioning. Science
348, 581–586.

Taylor, H.N., Warner, E.E., Armbrust, M.J.,
Crowley, V.M., Olsen, K.J., and Jackson, R.N.
(2019). Structural basis of Type IV CRISPR RNA
biogenesis by a Cas6 endoribonuclease. RNA
Biol. 16, 1438–1447.

Xiao, Y., Luo,M., Hayes, R.P., Kim, J., Ng, S., Ding,
F., Liao, M., and Ke, A. (2017). Structure basis for
directional R-loop formation and substrate
handover mechanisms in type I CRISPR-cas
system. Cell 170, 48–60.e11.

Xiao, Y., Xiao, Yibei, Luo,M., Dolan, A.E., Liao,M.,
and Ke, A. (2018). Structure basis for RNA-guided
DNA degradation by cascade and Cas3. Science
361, eatt0839.

Yan, W.X., Chong, S., Zhang, H., Makarova, K.S.,
Koonin, E.V., Cheng, D.R., and Scott, D.A. (2018).
Cas13d is a compact RNA-targeting type VI
CRISPR effector positively modulated by a WYL-
domain-containing accessory protein. Mol. Cell
70, 327–339.e5.

You, L., Ma, J., Wang, J., Artamonova, D., Wang,
M., Liu, L., Xiang, H., Severinov, K., Zhang, X., and
Wang, Y. (2019). Structure studies of the CRISPR-
csm complex reveal mechanism of Co-
transcriptional interference. Cell 176, 239–
253.e16.

Zhang, H., Li, Z., Xiao, R., and Chang, L. (2020).
Mechanisms for target recognition and cleavage
by the Cas12i RNA-guided endonuclease. Nat.
Struct. Mol. Biol. 27, 1069–1076.

Zhu, X., Clarke, R., Puppala, A.K., Chittori, S.,
Merk, A., Merrill, B.J., Simonovi�c, M., and
Subramaniam, S. (2019). Cryo-EM structures
reveal coordinated domain motions that govern
DNA cleavage by Cas9. Nat. Struct. Mol. Biol. 26,
679–685.
iScience 24, 102201, March 19, 2021 7

http://refhub.elsevier.com/S2589-0042(21)00169-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref1
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref2
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref2
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref2
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref2
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref2
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref3
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref3
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref3
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref3
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref3
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref4
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref4
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref4
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref4
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref5
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref5
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref5
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref5
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref5
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref6
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref6
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref6
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref6
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref7
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref7
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref7
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref7
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref7
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref7
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref7
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref8
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref8
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref8
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref8
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref8
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref9
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref9
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref9
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref9
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref9
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref10
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref10
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref10
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref10
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref10
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref11
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref11
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref11
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref11
https://doi.org/10.1038/s41589-020-00721-2
https://doi.org/10.1038/s41589-020-00721-2
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref13
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref13
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref13
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref13
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref13
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref14
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref14
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref14
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref14
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref14
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref14
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref15
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref15
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref15
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref16
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref17
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref17
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref17
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref17
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref18
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref18
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref18
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref18
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref18
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref18
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref19
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref19
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref19
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref19
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref19
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref19
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref20
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref21
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref21
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref21
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref21
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref21
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref21
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref22
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref22
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref22
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref22
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref22
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref23
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref23
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref23
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref23
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref23
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref23
https://doi.org/10.1101/2021.02.01.429135
https://doi.org/10.1101/2021.02.01.429135
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref25
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref25
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref25
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref25
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref26
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref26
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref26
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref26
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref26
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref26
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref27
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref27
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref27
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref27
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref27
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref28
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref28
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref28
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref28
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref28
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref29
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref29
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref29
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref29
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref29
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref30
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref30
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref30
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref30
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref31
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref31
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref31
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref31
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref31
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref31
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref32
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref33
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref33
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref33
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref33
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref34
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref34
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref34
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref34
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref34
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref34
http://refhub.elsevier.com/S2589-0042(21)00169-3/sref34


iScience, Volume 24
Supplemental information
Structure of a type IV CRISPR-Cas

ribonucleoprotein complex

Yi Zhou, Jack P.K. Bravo, Hannah N. Taylor, Jurre A. Steens, Ryan N. Jackson, Raymond
H.J. Staals, and David W. Taylor



 
 

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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