Cell

Reprogrammable RNA-targeting CRISPR systems
evolved from RNA toxin-antitoxins

Graphical abstract

biochemical analysis

of evolutionary intermediates

structure-guided

ancestor search

AbiF Cas13b Cas13d Cas13a
e
w c
YW —
&T+Cas13 intermediates
ncRNA + crRNA 5
-+ AbiF antitoxin + guiding domains Cas13e crRNA
L | e + n
— ncRNA antitoxin
RNA
ar:ft‘itoxin target RNA guiding
subunit 2 RNA domains

RNA-guided
mechanism
77 — evolves

subunit 1

- adaptive (guide RNA)

« pathogen defense

« non-specific RNase

« single heterodimeric fusion
« inactivated by crRNA

« reactivated by target RNA

« innate/non-adaptive (ncRNA)
* plasmid maintenance

* non-specific RNase

» two homodimeric subunits

« inactivated by ncRNA antitoxin

Highlights
Hybrid structure-sequence search identifies Cas13s likely
evolved from AbiF

AbiF is a toxin-antitoxin (TA) system with a ncRNA antitoxin
that inhibits the RNase toxin

An intermediate Cas13e system possesses both CRISPR
and TA biochemical properties

Insertion of CRISPR RNA binding and REC domains led to
complex RNA-guided CRISPR systems

Zilberzwige-Tal et al., 2025, Cell 188, 1-16

April 3, 2025 © 2025 The Author(s). Published by Elsevier Inc.

https://doi.org/10.1016/j.cell.2025.01.034

Authors

Shai Zilberzwige-Tal, Han Altae-Tran,
Soumya Kannan, ..., Rhiannon K. Macrae,
Eugene V. Koonin, Feng Zhang

Correspondence
zhang@broadinstitute.org

In brief

Hybrid structure-sequence mining and
biochemical/structural characterization
trace the evolutionary origins of CRISPR-
Cas13, elucidating how their RNA-guided
mechanism likely evolved from an ancient
scaffold comprising an RNaSEROXinEn0
an ncRNA antitoxin.

¢? CellPress


mailto:zhang@broadinstitute.org
https://doi.org/10.1016/j.cell.2025.01.034
Jin Wang


Please cite this article in press as: Zilberzwige-Tal et al., Reprogrammable RNA-targeting CRISPR systems evolved from RNA toxin-antitoxins,
Cell (2025), https://doi.org/10.1016/j.cell.2025.01.034

Cell

¢? CellPress

OPEN ACCESS

Reprogrammable RNA-targeting CRISPR systems
evolved from RNA toxin-antitoxins

Shai Zilberzwige-Tal,"-%%4:59 Han Altae-Tran,’-%3456.9 Soumya Kannan,'-2-345 Max E. Wilkinson,?-2.3.4.5

Samuel Chau-Duy-Tam Vo,'-2:34:5 Daniel Strebinger,'-2-%45 KeHuan K. Edmonds,-2:34:> Chun-Chen Jerry Yao,':2:3:4.5.7
Kepler S. Mears,-2:34:5 Sergey A. Shmakov,® Kira S. Makarova,® Rhiannon K. Macrae,-2-3:5 Eugene V. Koonin,8
and Feng Zhang'-23:4,510.*

1Broad Institute of MIT and Harvard, Cambridge, MA 02142, USA

2McGovern Institute for Brain Research at MIT, Cambridge, MA 02139, USA

3Department of Brain and Cognitive Science, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

“Department of Biological Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

5Howard Hughes Medical Institute, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

8Institute for Protein Design, University of Washington, Seattle, WA 98195, USA

7Department of Molecular Cellular Biology, Harvard University, Cambridge, MA, USA

8National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health, Bethesda, MD, USA
9These authors contributed equally

10 ead contact

*Correspondence: zhang@broadinstitute.org

https://doi.org/10.1016/j.cell.2025.01.034

SUMMARY

Despite ongoing efforts to study CRISPR systems, the evolutionary origins giving rise to reprogrammable
RNA-guided mechanisms remain poorly understood. Here, we describe an integrated sequence/structure
evolutionary tracing approach to identify the ancestors of the RNA-targeting CRISPR-Cas13 system. We
find that Cas13 likely evolved from @i, which is encoded by an abortive infection-linked gene that is stably
associated with cEISSINSINONECORIRUIRND (NcRNA). We further characterize a miniature Cas13, classified
here as Cas13e, which serves as an evolutionary intermediate between AbiF and other known Cas13s.
Despite this relationship, we show that their functions substantially differ. ilSaSGasISEISENRNASyNDIED
HNA-targeting system, Abit Is a toxin-antitoxin (1A) system with an RNA antitoxin.

AbiF using cryoelectron microscopy (cryo-EM), revealing basic structural alterations that set Cas13s apart
from AbiF. Finally, we map the key structural changes that enabled a non-guided TA system to evolve into
an RNA-guided CRISPR system.

INTRODUCTION

CRISPR-Cas systems are RNA-guided adaptive immune sys-
tems that guard bacteria and archaea against invading viruses
and mobile genetic elements. Their diverse reprogrammable
RNA-guided mechanisms have ushered in transformative
methods for precisely editing mammalian genomes and tran-
scriptomes.’™ Recently, the DNA targeting CRISPR-Cas9
and CRISPR-Cas12 systems were shown to have emerged
from the transposon-associated RNA-guided nucleases
OMEGA-IscB and OMEGA-TnpB.*° However, the origin of the
RNA-targeting CRISPR-Cas13 and, more generally, the origin
of RNA-guided targeting mechanisms in CRISPR systems have
remained elusive.

All known Cas13s contain two nuclease domains from the
higher eukaryotes and prokaryotes nucleotide-binding
(HEPN) superfamily,’®"" comprising RNA nucleases found
widely among prokaryotic defense systems and beyond.'*™'®

Although previous genome mining work used the hallmark
presence of two HEPN domains to successfully discover
new Casi3s,'"'®"7 the high level of sequence divergence
among the HEPN superfamily'' made it challenging to identify
related homologs and to reconstruct their evolutionary rela-
tionships. Indeed, the only potential remote homology re-
ported for Cas13 is between Cas13b and the ApeA family of
nucleases.'® Recently, structure-based comparisons, such
as distance-matrix aligment (DALI),"?" have been shown to
outperform sequence-based comparisons in classifying pro-
teins at the superfamily level.?? The 3D structures of proteins,
as predicted by deep learning methods such as AlphaFold2,%*
combined with algorithms for quantifying structural similarity,
therefore offer the potential to address the limitations of
sequence-only approaches in cases of high sequence diver-
gence by allowing for more reliable remote homology
searches and grouping of divergent domains into evolution-
arily related families.'®2*2°
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Figure 1. Identification of Cas13’s ancestors
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(A) Schematic of the search for Cas13 ancestors using a hybrid sequence/structure search.

(B) Top: an AF2 structure-based clustering dendrogram (not a phylogenetic tree) classifying Cas13-related HEPN domain-containing protein families into distinct
groups. Bottom: Cas13-containing group with a sequence alignable subset (dark gray).

(C) Heatmap of structure alignment Z scores of comprehensive structure search proteins along with representative solved and predicted HEPN domain
structures. Top 15 hits are shown, sorted by average Z score across all queries. PDB IDs or structure predictor (AF2 vs. RFNA?Z°) are shown in parentheses.
(D) Maximum-likelihood sequence-based phylogenetic tree of the HEPN domains from proteins in the AbiF/Cas13 group alignable subset with midpoint rooting

for visualization. Bootstrap values (out of 100) are shown.
See also Figures S1, S2, and S3.

Here, we describe a hybrid sequence and structure search to
explore the evolutionary origins of Cas13 (Figure 1). Combined
with a comprehensive RNA-protein association analysis
(Figure 2), we discovered that Cas13 likely evolved from an abor-
tive infection F (AbiF) protein associated with a non-coding RNA
(ncRNA). Furthermore, characterization of the AbiF system re-
vealed a distinct mechanism of action: unlike CRISPR systems,
AbiF-ncRNA pairs function as type Il toxin-antitoxin (TA) sys-
tems. A cryoelectron microscopy (cryo-EM) structure of the
AbiF ribonucleoprotein (RNP) complex revealed that the ncRNA
antitoxin is processed and then blocks the AbiF nuclease active
site. Using sequence-based phylogenetic analysis, we traced
the evolution from AbiF to Cas13. In the emerging evolutionary
scenario, the AbiF gene first duplicated, producing a double-
HEPN nuclease with additional domain insertions. The dupli-
cated protein gradually lost its interaction with cis-encoded
ncRNA antitoxin, retained by only a few systems. However, a
new interaction with CRISPR RNA (crRNA) emerged, facilitated
by a small set of helical insertions and a single Recognition
(REC)-like insertion in the effector protein, which likely enable
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the recognition of the guide RNA-target RNA duplex. Finally,
we bioinformatically investigated the diversity of Cas13 and
AbiF-related proteins, uncovering a spectrum of defense-related
systems linked to the AbiF toxin. Overall, this study elucidates
how an RNA-guided mechanism evolved from a non-specific
toxin RNA nuclease and broadens our understanding of the
diverse molecular mechanisms underlying RNA-based immune
systems in prokaryotes.

RESULTS

Tracing the ancestry of Cas13

To gain insight into the evolution of Cas13, we first examined a
previously reported but uncharacterized miniature (~500 amino
acid [aa]) Cas13-like, dual-HEPN domain-containing protein®”-28
(designated c13c1). A CRISPR association analysis identified a
cluster of at least five c13c1?® loci associated with CRISPR ar-
rays, suggesting that c13c1 is a bona fide and potentially ances-
tral Cas13 effector. This prompted us to trace the lineage of
Cas13s from within the greater HEPN superfamily. However,
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Figure 2. Phage-linked ncRNA search

(A) Schematic of the RNA association search for conserved prokaryotic protein-ncRNA systems that recombine with phage.
(B) Phage-matching RNA analysis of all RFAM RNA profile candidates that are stably associated with protein clusters and pass filters. Above, p values of phage
matches, with dashed line indicating cutoff of 1e—12. Below, mean RNA strand preference (1 for matches to the [+] strand and —1 for matches to the (—) strand of

phage-coding sequences).

(C) RNA covariance models for the canonical PbAbiF RNA motif (left), F13a1-associated ncRNA (middle), and the c13c1 CRISPR RNA (right). Significant
covariation is shown with teal rectangles, indicating support for the existence of RNA structure. Major RNA changes under the inferred evolutionary scenario of

AbiF/Cas13 evolution are shown using arrows.
See also Figures S2 and S3.

phylogenetic analysis of proteins with low sequence conserva-
tion can produce inaccurate reconstructions.’® Given the
extreme sequence and structural diversity of the HEPN domain
superfamily,’® we sought to delineate the specific group of
HEPN protein families most closely related to Cas13 before con-
ducting phylogenetic analyses. To this end, we designed a
hybrid sequence-structure homolog search that starts with a
permissive hidden Markov model (HMM) search against a clus-
tered protein database, followed by structure-based filtering
and grouping to identify HEPN families related to Cas13
(Figure 1A).

For the homolog search, we clustered 9 billion proteins from
prokaryotic (meta)genome databases (retrieved in 2022)°°~%2
down to 30% sequence identity by using fast locality-sensitive
hashing-based clustering (FLSHclust).”®> We then performed a
profile-profile search using extended HEPN domains from
Cas13a/b/c/d and c13c1 as queries against the clusters, retain-
ing clusters with a conserved HEPN catalytic motif indicative of
active nuclease activity (Data S1).%° The retained clusters were
merged into superclusters using profile alignment, and represen-
tative protein structures for each protein supercluster were
modeled using AlphaFold2.>®> The proteins were then hierar-

chically clustered by DALI structural similarity,'® using the un-
weighted pair-group method of analysis (UPGMA) method (Fig-
ure 1B). From this, we identified at least eight major groups,
each comprising one or more HEPN families (Figure 1B, top).
One group consisted of CRISPR-linked Csm6 (see discussion)
and another included Cas13, c13c1, and two sets of AbiF/Abi-
2-like proteins (Figure 1B, bottom inset). Within the Cas13-con-
taining group, we further identified two previously undescribed
families, which we designated F13a1 (~450-500 aa) and F13a2
(~550-650 aa). Similarly to Cas13s, F13a1/2 contain two
HEPN domains and are distantly related to both Cas13b’s
HEPN domains (up to 25% sequence similarity according to
BLOSUMG62) and AbiF’'s HEPN domain (also up to 25%
sequence similarity). F13a1/2 share a conserved C-terminal
domain (F13a-D1), and F13a2 contains an additional domain
(F13a-D2) between the two HEPN domains (Figure S1).

Next, we compared the solved Cas13 structures with repre-
sentative solved and predicted HEPN structures using DALI,
revealing high structural similarity between Cas13s and AbiF
(DALI Z score of up to 8.9) as well as between Cas13s and
F13a1/2 (Z scores of up to 9.3) (Figure 1C). We additionally found
that all HEPNs from Cas13s, as well as ¢13c1 and F13a1/2,
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exhibit a circular permutation of the four main helices that define
the HEPN domain, denoted H1-H4 in the order the helices
appear in protein (Figure S2). This permutation is also present
in AbiF-like HEPNs and Swt1 but not in the other examined
HEPNs (Figure S2). AbiF and related HEPN domains contain a
conserved, AbiF-specific subdomain consisting of AbiF-subdo-
main-l and AbiF-subdomain-Il, which are split by the HEPN helix
1 and appear to interact across the dimer interface (Figures S1A
and S2). Notably, c13c1 also contains a two-part subdomain
with both structural and sequence similarity to the AbiF subdo-
main, whereas F13a1/2 appear to have small remnants of the
AbiF subdomain (Figures S1 and S2; Data S1). Furthermore,
c13c1 and the AbiF-like Ava_2192 encompass related active
site rearrangements whereby the highly conserved glutamic
acid is replaced by an aspartic acid on AbiF-subdomain-II (Fig-
ure S2). Moreover, AbiF, c13c1, and F13a1/2 share a structurally
conserved positively charged groove potentially involved in nu-
cleic acid binding (Figures S1A and S1B). Structural compari-
sons of individual HEPNs suggest that Cas13a/b/c/d, F13a1/2,
and c13c1 derived both of their HEPNs from AbiF-like HEPNs
(except perhaps in the limited context of Cas13b’s [although
not Cas13b-t’s] HEPN2 domain) (Data S2.1). Paired with remote
sequence similarity®* (Data S2.2), these structural comparisons
indicate that across all considered proteins from the HEPN su-
perfamily, F13a1/2 and AbiF/Abi-2 are most closely related to
Cas13a/c/d and c13c1 (Figures 1B, 1C, and S2; Table S1;
Data S1).

We then conducted a phylogenetic analysis of the HEPN
domains from Cas13a/b/c/d, c13al, F13a1/2, and AbiF
(Figures 1D and S3). First, a sequence alignment of the HEPN
domain core (helices 1-4) from these HEPN domains was con-
structed using multiple aligment using fast Fourier transform
(MAFFT).*® We then used IQ-Tree2 to generate a maximum-like-
lihood phylogenetic tree, retaining the best tree out of five inde-
pendent runs.*® In the resulting tree, Cas13a and Cas13d are sis-
ter clades (bootstrap 100/100), recapitulating the previously
reported similarities between these Cas13 subtypes.''*” Simi-
larly, F13a1/2 are closely related (bootstrap 100/100). Overall,
the tree topology is concordant with the similarities observed
in sequence comparisons (Figure 1D; Data S2.2). A small set of
AbiF-like proteins appear to be the evolutionary intermediate be-
tween the main AbiF clade and Cas13/F13a1/2/c13c1 (bootstrap
92/100). We denoted the clade of AbiFs most closely linked
to Cas13s as the putative founder AbiF clade (Figure 1D).
Regarding the early evolution of Cas13s from AbiF, we found
that ancestral F13a1/2 appear to be unique intermediates be-
tween AbiF and Cas13b (bootstrap 87/100) that, together with
Cas13b, form a distinct lineage apart from Cas13a/c/d and
c¢13c1 (bootstrap 86/100). By contrast, c13c1 and Cas13c form
sister clades (bootstrap 94/100) with a common ancestor that
serves as an evolutionary intermediate between AbiF and
Cas13a/d (bootstrap 86/100) (Figures 1D and S3). The place-
ment of F13a1/2, c13c1, and Cas13c (in particular Cas13c-t)
as evolutionary intermediates is consistent with their smaller
sizes relative to Cas13a/b/d (Figure S3). Overall, the structural
comparisons, sequence similarities, and phylogenetic analyses
concordantly indicate that AbiF, F13a1/2, c13c1, and Cas13a/
b/c/d likely share common ancestry, with the putative founder
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AbiF clade, c13c1, and F13a1/2 serving as key evolutionary in-
termediates in the evolution of Cas13s.

Identification of ncRNAs associated with AbiF, F13a1,
and c13c1

The ancestors of Cas9 and Cas12, the OMEGA effectors IscB
and TnpB, are associated with a ncRNA (wRNA).°® We sought
to determine if the likely ancestors of Cas13, c13c1, AbiF, and
F13a1/2 are also associated with ncRNAs, and if so, what their
biological function is. To assess the potential association be-
tween known ncRNAs, as well as the broader landscape of pro-
karyotic ncRNAs, we conducted a comprehensive search for
ncRNA-protein associations using the guilt-by-association
approach (Figure 2A).2 112838740 Eor this analysis, we tabulated
genomic co-occurrences (within 10 kb) between protein clusters
and known ncRNAs, finding 175,510 significant associations
(Figure 2A; Table S2; STAR Methods).*' Unexpectedly, we found
a statistically significant association between AbiF and the Rfam
(RNA family) abiF ncRNA, so named owing to the occasional
presence of neighboring abiF genes in ~25% of the loci reported
previously (Table S3).*? To avoid naming ambiguity, we herein-
after refer to the AbiF-associated ncRNA as AbiFr. For one
AbiF protein cluster, 75% of the corresponding loci were associ-
ated with the abiFr ncRNA gene, indicating that some AbiF genes
are stably associated with AbiFr ncRNA genes at high rates, sug-
gesting a functional association between AbiF and AbiFr
(Table S8). Our analysis further revealed that abiFr ncRNA genes,
along with 46 other defense-enriched ncRNAs, recombine with
phage genes with a strand preference, suggesting AbiFr may
be involved in host-pathogen conflict using an RNA (strand-
dependent) mechanism (Figure 2B).

We next developed a covariance-based structure prediction
of the full abiFr ncRNA gene to better understand the 5’ phage-
matching region, revealing conserved terminal extensions not
found in the Rfam ncRNA model (Figure 2C).** We found that
the conserved positions at the 5’ end of the locus likely corre-
spond to a bacterial 670 promoter (Data S2.3A), suggesting a
short single-stranded portion of the 5’ hairpin extension may
be expressed.** The 5’ upstream region of the abiFr gene that
matches phage sequences occasionally corresponds to this
promoter region (Data S2.3B and S2.3C), suggesting abiFr pro-
moters may recombine with those from other genes, explaining
the strand preference we found (Figure 2B). The 3’ end of the
abiFr ncRNA gene is a poly U stretch that likely serves as a
Rho-independent terminator signal. Using these signals, we pre-
dicted the full ncRNA gene and gene product (Figure 2C; Data
S2.4A). A covariance model of the c13c1 CRISPR direct repeat
(DR) showed that it likely adopts a stem loop without mismatches
or bulges and differs substantially at the sequence level from the
AbiFr ncRNA, suggesting the two ncRNAs may perform distinct
functions (Figure 2C).

Given that only ~19% of AbiF clusters contained an Rfam
abiFr ncRNA gene nearby (<500 bp), we explored if abiF genes
are associated with other diverse ncRNAs beyond Rfam abiFr.
We identified conserved ncRNAs upstream and downstream of
abiF genes along various branches in the dual-HEPN phyloge-
netic tree, resulting in 29 diverse AbiFr ncRNA covariance
models (named b2, ..., b29) (see STAR Methods). Our analysis
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Figure 3. Characterization and analysis of c13c1

(A) Locus schematic of c131 locus (JGI: contig id Ga0133939_1056429) (not to scale).
(B) RNA sequencing reads from c13c1 (JGI: contig id Ga0133939 1056429) RNP pull-down aligned to the c13c1 locus.
(C) Collateral activity assay of c13c1. ¢c13c1 was incubated with either a target or non-target RNA PFS library and a separate RNA reporter labeled with Cy5 at its

3’ end.

(D) Top: schematic of RNaseAlert reporting system. Bottom: collateral activity assay of c13c1 and LwaCas13a with or without crRNA and with or without target or
non-target RNA PFS libraries. **p < 0.01, ****p < 0.0001 (two-tailed Student’s t test).

revealed that AbiF-like systems are broadly associated with
ncRNAs, with 88% of AbiF clusters located in the vicinity of
one of the 29 abiFr ncRNAs (Figures 2C and S3; Data S3).
Beyond the canonical single-kinked hairpin structure, AbiFr
ncRNAs can also contain two variably spaced hairpins (b29-1,
b13, b16), large bulges (b23), or conserved bifurcated stem
loops (b7).

We remapped these ncRNA families back onto the phyloge-
netic tree and found that while most F13a12 genes were not
associated with any abiFr ncRNAs, one branch containing three
F13a1 systems was associated with an upstream b13-like abiFr
ncRNA gene corresponding to a ncRNA structure with two hair-
pins (Figure S3; Data S2.3D and S2.3E). This clade was addition-
ally associated with two conserved downstream protein-coding
genes, one of which encodes an nonsense mRNA decay 7
(NAM7)-like RNA helicase. A ncRNA in the vicinity of only some
F13a1 genes suggests that F13al proteins may also utilize
ncRNAs encoded in trans. Combined with our phylogenetic anal-
ysis, the presence of diverse associated ncRNAs for AbiF,
F13a1, and c13c1 suggests that cis-encoded ncRNAs were a
key feature throughout the evolution of Cas13s from AbiF.

Biochemical characterization and analysis of c13c1

In contrast to Cas13a/b/c/d proteins, c13c1 is substantially
smaller (~450-550 aa) and lacks a large REC domain, which
is known to be involved in crBRNA binding (Figure S3; Data
S1).*° To test if c13c1 can bind a crRNA, we co-expressed
c13c1 (JGI: contig id Ga0133939 1056429) with a DR-
spacer-DR (Figure 3A). Small RNA sequencing (sRNA-seq) on
the RNP pull-down revealed c13c1 associates with a mature
crRNA consisting of a 14-nt spacer followed by a 36-nt DR
and 5 additional downstream nucleotides (Figure 3B). We
note that for sRNA-seq library preparation, a protocol without
adaptor ligations enabled amplification and mapping to the
c13c1 ncRNA locus, suggesting terminal modifications may
hinder ligation-based methods.

We next tested if c13c1 has RNA-guided RNA cleavage activ-
ity. Cas13s are known to recognize a 1- to 3-nt protospacer
flanking sequence (PFS) and exhibit non-specific collateral
RNase activity following target recognition.’**® We generated
a library with one target sequence flanked by 3 random nucleo-
tides. c13c1 RNPs were incubated with Cy5-labeled random
RNA (collateral RNA) and either the target or non-target RNA Ii-
braries. Cleavage of collateral RNA was observed only in the
presence of the target RNA (Figure 3C).>**’ We quantified
RNase activity upon target recognition using the RNaseAlert re-
porter assay in which c13c1 was incubated with either the target
or non-target PFS library and a reporter single-stranded RNA
(ssRNA). We observed robust, target-dependent collateral activ-
ity of c13c1 (Figure 3D). Unexpectedly, a fluorescence signal
was observed when apo c13c1 was incubated with the reporter
RNA (but it was not observed with the apo form of Leptotrichia
wadei Cas13a). This suggests that c13c1 is a non-specific
nuclease that is weakly autoinhibited on its own, strongly in-
hibited when bound to crRNA, and fully activated when bound
to both crRNA and target RNAs. Based on these experimental
results, along with the phylogenetic distinctness of c13c1 rela-
tive to Cas13a/b/c/d, we designate c13c1 as Cas13e to repre-
sent a separate subtype of type VI CRISPR-Cas systems in
accordance with previous criteria for designating subtypes. '’

ADbiF is a toxin with an RNA antitoxin

Our sequence and structural comparisons suggested that the
potential ancestor of Cas13 is AbiF, a protein linked to abortive
infection through unknown mechanisms.*®=°° To better charac-
terize AbiF, we performed sRNA-seq on Paenibacillus dong-
haensis, which encodes an AbiF and AbiFr ncRNA pair, and
observed the expression of both components (Figure S4A). Het-
erologous expression in E. coli of Prevotellaceae bacterium AbiF
(PbADbIF), a system in which the AbiFr ncRNA includes an up-
stream region matching to phage (E value < 1e—3) (Data S2.3B
and S2.3C) inhibited bacterial growth in both liquid culture and
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Figure 4. AbiF is a type Il toxin with an RNA antitoxin

(A) Left: schematic representation of the E. coli expression vectors for PbAbiF and its ncRNA. Bottom left: point mutations (R210A and H215A) resulting in dead
PbADbiIF. Right: growth assays of PbAbiF and dead PbAbiF induction, with and without PbAbiFr ncRNA along with an mCherry control. All samples were generated

in the same assay but plotted separately for clarity.

(B) Spotting assay for PbAbiF + ncRNA and PbAbiF without ncRNA, with and without IPTG induction using the plasmids described in (A).

(C) CFU count over time of E. coli expressing either PbAbiF + ncRNA or PbAbiF without ncRNA. The bacteria were grown in liquid culture until reaching a
logarithmic phase, induced using IPTG, and then plated on induction plates at different time points. **p < 0.01 (two-tailed Student’s t test, n = 3).

(D) Left: schematic of the E. coli expression vectors for PbAbiF and its ncRNA used for the spotting assay. Right: spotting assay of the PbAbiF system with and

without the pre-induction of ncRNA.

(E) Left: schematic of the E. coli expression vectors for the PbAbiF and PbAbiFr ncRNA, and mCherry used for the plasmid maintenance assay. Middle: schematic
of plasmid maintenance assay. Right: CFU counts from Amp plates over time. *p < 0.05, ***p < 0.001 (two-tailed Student’s t test, n = 3).

See also Figure S4.

solid medium culture spotting assays (Figures 4A and 4B). The
growth inhibition phenotype was more severe when the protein
was expressed alone (Figures 4A and 4B). Similar results were
also observed for an additional AbiF protein encoded by E. coli
strain SMN197SH3 (EcAbiF) (Figures S4B-S4D). Expression
of a HEPN-inactive variant (R210A+H215A) rescued the
growth inhibition phenotype irrespective of ncRNA expression
(Figure 4A).

To determine if the growth defects were bacteriostatic (inhibits
growth) or bactericidal (leads to cell death), we assessed viable
cell counts. When the PbAbiF native locus was induced, co-
expression of the PbAbiF and its ncRNA exhibited bacteriostatic
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effects, while expression of PbAbiF without its ncRNA proved to
be bactericidal (Figure 4C). We found that pre-induction of the
associated ncRNA prior to AbiF expression completely abol-
ished the toxic effect of PbAbiF (Figure 4D). HEPN-inactive PbA-
biF showed no growth inhibition in liquid culture, but it caused a
slight defect in the spotting assay (Figure S4E). This was rescued
by pre-induction of the ncRNA, possibly reflecting the reduced
solubility of the AbiF protein in the absence of its associated
ncRNA (Figure S4F). A plasmid addiction assay showed that
the AbiF system effectively promotes stable plasmid inheritance
in E. coli, as has been shown for some other TA systems®'~>*
(Figures 4E and S4G).
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Figure 5. AbiF RNase activity is inhibited by
the AbiFr ncRNA

(A) RNP pull-down and sequencing workflow. The
plasmid was expressed in BL21(DE3), containing
T7 RNA polymerase under IPTG induction.

(B) RNA sequencing reads from PbAbiF RNP pull-
down (left) and catalytically dead PbAbiF RNP
(right) pull-down aligned to the PbAbiF locus.
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(C) AbiFr ncRNA processing by PbAbiF. Catalyti-
cally active and dead PbAbiF were incubated with
ssRNA composed of the AbiFr ncRNA and 25
random nucleotides upstream and downstream of
the ncRNA sequence. The RNA was visualized
using a SYBR stain.

(D) RNA sequencing reads from the PbAbiFr
ncRNA processing in vitro reaction aligned to the
template RNA of the ncRNA processing reaction.
(E) Top: schematic of RinAsiEmRNase activity
assay. Bottom: activity assay of the PbAbiF with or
without PbAbiFr ncRNA. *p < 0.05, *p < 0.01,
***p < 0.001, ***p < 0.0001 (two-tailed Student’s t
test, n = 3).

(F) Substrate specificity assay of PbAbiF. Apo
PbAbiF or PbAbiF RNP were incubated with
ssRNA, dsRNA, ssDNA, and dsDNA.

(G) PbADbiF endonuclease activity assay. Catalyti-
cally active PbAbiF and dead PbAbiF were incu-
bated with a random ssRNA sequence harboring
either three 5'-terminal (left) or three 3'-terminal
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Based on these observations, we propose that AbiF is a type Il
TA system. Type Il TA systems consist of two components: a
ncRNA antitoxin, often featuring a pseudoknot structure, and a
cognate protein toxin, usually an RNase.'®°*%° These systems
also have a distinct locus architecture, with the antitoxin gene
located upstream of the toxin gene, as we observed in most of
the AbiF loci. We additionally identified a poly-T tract at the 3’
end of the abiFr ncRNA gene, suggesting the presence of a
Rho-independent transcriptional terminator, as is found in other
type Il TA systems.*®

AbiF RNase activity is inhibited by the AbiFr ncRNA

We next confirmed that AbiF binds its cognate ncRNA by per-
forming sRNA-seq following pull-down of an overexpressed
PbAbIF or ECADbIF in E. coli (Figures 5A, 5B, and S4H). The bound

(asterisks) was incubated with PbAbiF and visu-
alized using Cy5.

(I) Left: EMSA of catalytically dead PbAbiF com-
bined with Cy5-labeled AbiFr ncRNA (top) or Cy5-
labeled random RNA (bottom).

(J) RNaseAlert activity assay for PbAbiF protein in
the presence of apo AbiF (no additional RNA) or
PbAbIF with one of the following: random RNA,
PbADbiFr, PaAbiFr, BbAbiFr, or ECAbiFr. *p < 0.05,
**p < 0.01 (two-tailed Student’s t test, n = 3).

See also Figures S3, S4, and S5.
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RNA matched the predicted AbiFr ncRNA, and sequencing
confirmed the presence of the 5’ and 3’ single-stranded exten-
sions of the hairpin in both systems (Data S2.4C and S2.4D). In
other type Ill TA systems, the maturation of the RNA antitoxin
is catalyzed by the toxin itself,>*°° and several Cas13s also pro-
cess their own crRNA.'® To investigate if AbiF similarly pro-
cesses its ncRNA, we purified the HEPN-inactive PbAbiF RNP
(R210A, H215A) or EcAbiF RNP (R213A, H218A) complexes
and performed RNA-seq, finding longer extensions at both
ends of the ncRNA, suggesting processing of the ncRNA by
the HEPN domain of AbiF (Figures 5B and S41). To test this activ-
ity biochemically, we designed a 100-nt RNA substrate contain-
ing the PbAbiFr ncRNA, flanked by 25-nt extensions at both
ends. Incubation with active PbAbiF revealed a prominent
75-nt fragment, suggesting incomplete processing (Figures 5C
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and S5A). RNA-seq analysis of the processed PbAbiF RNA from
the in vitro reaction revealed AbiF-mediated cleavage at both
AbiFr ends, with a distinct bias toward the 5’ flanking region
based on read coverage (Figure 5D). These differences may indi-
cate that the in vitro reaction setup might not accurately capture
all the necessary conditions to achieve complete processing.

Given that many Cas13s exhibit non-specific collateral activity
following target recognition, we tested if AbiF RNase activity ex-
tends to other RNA species, using the RNaseAlert reporter sys-
tem (Figures 5E, S5B, and S5C). When PbAbiF was incubated
with the reporter RNA alone, a fluorescence signal was detected.
HEPN-inactive PbAbiF lacked detectable RNase activity, as did
the catalytically active PbAbiF RNP complex (PbAbiF incubated
with its cognate ncRNA), indicating that the ncRNA strongly in-
hibits AbiF. When PbAbiF was incubated with the reporter RNA
and random RNA, a slight decrease in signal was detected,
attributed to the overall increase in ssRNA concentration in the
sample. Similar results were obtained with EcAbiF (Figure
S5D). Furthermore, EDTA abolished the RNase activity of PbAbiF
(Figures 5E, S5B, and S5C). We note, however, that processing
of the PbAbiFr ncRNA is only partially inhibited by EDTA,
although this assay was performed in the same buffer as the
ncRNA gel cleavage assay (e.g., MgCl, was present in both con-
ditions at the same concentration) (Figure 5C).

To assess the substrate specificity of AbiF, we incubated
PbAbiF with ssRNA, double-stranded RNA (dsRNA), ssDNA,
and dsDNA substrates. ssRNA was cleaved by PbAbiF, but no
nuclease activity was detected for other substrates, as has
been reported for other HEPN nucleases (Figure 5F)."#*"-5% PpA-
biF RNPs showed no detectable cleavage activity for ssRNA or
any other tested substrate, emphasizing the inhibition of PbAbiF
by its cognate ncRNA. To evaluate the cleavage mode of AbiF,
we employed a random RNA substrate harboring three 5'- or
3'-terminal phosphorothioate (PS) bonds and a 3’-terminal Cy5
fluorescent label. Following incubation with PbAbiF, the full-
length, modified RNA levels decreased and small Cy5-labeled
RNA fragments were detected, indicative of endonucleolytic ac-
tivity, consistent with the properties of other type Ill toxin endo-
nucleases®>*° (Figure 5G). Conducting a time series cleavage
assay with an RNA substrate harboring three PS bonds at both
termini confirmed endonucleolytic cleavage by AbiF that occurs
rapidly over 10 min (Figure 5H).

To further understand AbiF’s binding preferences between
AbiFr ncRNA and random RNA, we performed an electropho-
retic mobility shift assay (EMSA). Using the AbiFr ncRNA
sequence identified through sRNA-seq (Data S2.4C and
S2.4D), we found that the dead AbiF protein binds to both its
cognate ncRNA and the random RNA control with a higher af-
finity for its ncRNA (Figure 51). We analyzed the binding curve
resulting from the RNA bound percentage as a function of
AbiF concentration (Figure S5E; Data S2.5). Due to the steep-
ness of the binding curve for AbiF-AbiFr ncRNA binding, we
fit each binding curve to the Hill equation and found PbAbiF-
PbAbiFr ncRNA binding exhibited a dissociation constant (Kp)
of 410 + 28 nM with a Hill coefficient of 2.0 + 0.2, indicating
cooperative binding, whereas PbAbiF-random RNA binding ex-
hibited a Kp of 4.92 + 0.71 uM and Hill coefficient of 1.3 + 0.25,
indicating AbiF preferentially binds the AbiFr ncRNA over
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random RNA (Figure S5E). The association rate between AbiF
and the AbiFr ncRNA may be bolstered in vivo by the co-tran-
scription of these two components.

To characterize the specificity of the AbiF-ncRNA inhibition
across distinct systems, we tested the RNase activity of PbAbiF
in the presence of its cognate ncRNA (b4 type from the diverse
ncRNA search) as well as three other ncRNAs from Prevotella-
ceae copri (PcAbiF, b4 type) and Bacteroidaceae bacterium
(BbAbiF, b4 type), of the same branch as PbAbiF, and the
distantly related EcAbiF (b18_U1 type) (Figure S3; Data S3).
We observed that PbAbiF activity was inhibited by PcAbiF and
BbAbiFr ncRNAs, suggesting robust AbiF binding to the cognate
and related ncRNAs (Figure 5J). By contrast, the EcAbiFr ncRNA
showed a minimal inhibitory effect, highlighting orthogonality
across divergent evolutionary lineages and structurally divergent
ncRNAs.

We then explored potential anti-AbiF mechanisms. Previous
work compared sequences from Lactococcus phages sk1 and
712, identifying a minimal sequence shared between the two
that includes DRs and a hairpin structure. Despite sequence sim-
ilarity, only the sk1 sequence confers immunity against the Lac-
tococcus Lactis AbiF-like system, suggesting that specific struc-
tural features within these DRs and the hairpin play a key role in
inhibiting the AbiF-like activity.>® Although containing bulges,
these hairpins do not resemble the PbAbiFr ncRNA at the
sequence level (Data S2.4B). Nevertheless, we found that the
skl hairpin substantially inhibited PbAbiF activity, compared
with random RNA (Figure S5F). This finding underscores the
unigue mechanism by which sk1 resists the Lactococcus Lactis
AbiF-like system, potentially linked to these structural elements,
and underscores the involvement of AbiF in the host-pathogen
arms race.

Structure of the AbiF RNP complex
To characterize the molecular basis of the inhibition of AbiF by
the ncRNA, we purified the PbAbiF RNP and used cryo-EM to
resolve its structure at 3.6 A resolution (Figures 6A, 6B, and
S6A-S6E; Data S2.6). PbAbiF adopted a four-helix HEPN
domain fold that is augmented by an N-terminal extension
(AbiF-subdomain-I) and an insertion between HEPN helices H1
and H2 (AbiF-subdomain-Il) (Figure 6C). Note HEPN helices
are numbered H1-H4 by their sequential order in the HEPN
domain. As described above, Cas13s contain a circular permu-
tation of their HEPN domain relative to canonical HEPNs. For
example, Cas13a’s HEPN-1 domain has a circular permutation
where “helix 1” of the canonical HEPN occurs at the C terminus
of Cas13a as helix H4; this non-canonical rearrangement is also
observed in PbAbiF, Cas13b/c/d, F13a1/2, and Cas13e
AlphaFold2 structures, further supporting their shared ancestry
(Figures 6D and S2). Like other HEPN-containing proteins,'
the PbAbiF RNP complex forms a symmetric dimer (Figure 6B),
with the HEPN domains of each monomer interacting face to
face, bringing the active site residues of each monomer (H210
and R215) into close proximity around the 2-fold symmetry
axis (Figures 6B and 6C).

Each PbAbiF monomer binds to a single AbiFr ncRNA mole-
cule, forming a symmetric RNP with a 2:2 protein:RNA ratio,
similar to other type Ill TA systems.®™®® The 49 observed
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nucleotides of the ncRNA in the cryo-EM density form two
stacked helices (Figure 6E). The basal helix, between nucleo-
tides 7 and 12 and 39 and 44, is GC-rich and lies over an AbiF-
specific insertion between helices 1 and 3 of the HEPN domain.
The distal helix, comprising nucleotides 15-31, forms an intricate
hairpin with four base triple interactions that likely stabilize the
AbiFr ncRNA structure (Figure 6F). A single-stranded, relatively
conserved bulge between the two helices (nucleotides 32-38)
forms base-specific interactions with the AbiF protein (Figure 6E).
C32 forms hydrogen bonds with the backbone of residues 230
and 232, while U38 interacts with the Ser177 side chain (Fig-
ure 6G). To assess the functional significance of these interac-
tions, we mutated the ncRNA motif at positions C32 and U38.
We then assessed their effect on the ability of PbAbiF to cleave
random RNA using the RNaseAlert assay. Both single mutants
showed reduced inhibition of PbAbiF activity (Figure 6H). The
double mutant also exhibited a significant reduction in the fluo-
rescence signal, compared with a random RNA control, but it
was less pronounced.
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Figure 6. Structure of the AbiF RNP com-
plex

(A) Cryo-EM reconstruction of the PbAbiF-ncRNA
complex.

(B) Model of the PbAbiF-ncRNA complex. Each
protein monomer is colored pink or white. The
RNA is shaded 5' to 3’ with a purple-yellow-pink
gradient from. The view is aligned with the 2-fold
symmetry axis (almond symbol). Inset: cryo-EM
density for a putative nucleotide ligand and its
coordinating residues.

(C) A highlighted single protein monomer in PbA-
biF. The four core helices of a HEPN domain are
colored, along with helix H2 from the other protein
monomer. The three 5'-most bases visible in the
ncRNA are shown as sticks.

(D) The same view as (C) but for Cas13a from
Lepotrichia buccalis (PDB: 5XWP).*

(E) Secondary structure of the PbAbiFr ncRNA.
Solid lines represent Watson-Crick base pairs.
Non-Watson-Crick base pairs are shown® with
squares representing Hoogsteen edges, triangles
representing sugar edges, black fill representing
pairing in cis, and white fill representing pairing in
trans. Protein residue hydrogen bonding with ba-
ses are shown.

(F) Details of the four base triples in the PbAbiFr
ncRNA.

(G) Details of base-specific interactions between
PbADbIF protein and ncRNA.

(H) Top: specific protein-RNA interactions between
the PbADbIF protein and PbAbiFr ncRNA. Bottom:
activity assay of PbADbiF in the presence of wild-type
(WT) ncRNA, random RNA, and mutated ncRNA.
*p <0.05,*p < 0.01 (two-tailed Student’s t test,n = 3).
See also Figures S2 and S6.

* HEPN
active sites

AbiFr ncRNA

The structure also showed 5- and 6-nt
S FESF ssRNA extensions of the ncRNA &
and 3’ of the basal hairpin, respectively
(Figures 6A and 6E). These extensions
snake over opposing surfaces of the
AbiF protein, each making base-specific contacts with the pro-
tein. The most 3’ base observed was U50, but the structure
does not rule out further bases in the sample. However, the 5’
end of the ncRNA points directly into PbAbiF active site, coming
close to the 5’ end of its symmetry counterpart. A potential extra
base is also present directly over the active site, but the proximity
of this position to the symmetry axis of the cryo-EM density pre-
cludes detailed interpretation. This positioning suggests that the
5’ end of the ncRNA is processed by PbAbiF, and the RNP rep-
resents the post-cleavage state; alternatively, or additionally, the
ncRNA 5" end might directly block access to the active site and
thus inhibit the cleavage activity of PbAbiF. Comparison with the
PbAbiF-based ncRNA covariance model showed that these ter-
minal cleavage sites are conserved among homologs (Data S2.4
and S3).

The cryo-EM reconstruction additionally contains an unas-
signed density within the AbiF subdomain that might represent
a co-purified ligand (Figure 6A). This putative ligand is stacked
at the dimer interface between Tyr43 of one monomer and

Cell 188, 1-16, April 3, 2025 9




Cell (2025), https://doi.org/10.1016/}.cell.2025.01.034

Please cite this article in press as: Zilberzwige-Tal et al., Reprogrammable RNA-targeting CRISPR systems evolved from RNA toxin-antitoxins,

¢? CellPress

OPEN ACCESS

PbADbiF
(AbiF + b4-like ncRNA homodimer)

main
hairpin

ncRNA

expands
—_—

groove

Cas13c-t

DR-binding
beta region

+REC

guide

inferred evolutionary path
HEPN helix 1

HEPN helix 2 (catalytic R+H)
HEPN helix 3

HEPN helix 4
AbiF-subdomain-|
AbiF-subdomain-II

REC (target RNA/crRNA duplex binding)
ncRNA binding domains
other protein regions

main hairpin

target RNA

other ncRNA regions

000 EECEECENm

HEPN helix 1
HEPN helix 2
HEPN helix 3
HEPN helix 4
F13a-D1
F13a-D2

AbiF

LT T

300 aa

([T TS

469 aa

(LTI DT TS

642 aa

F13a1

EEEOOO

F13a2
Cas13e
490 aa

[ [T D

954 aa

839 aa

Cas13d |

Cas13ct |

1160 aa

Casi3a |

[ [T

777 aa

Cas13bt

D

1127 aa

Cas13b

10  Cell 188, 1-16, April 3, 2025

main
hairpin /

(+) charged -

putative founder AbiF
(AbiF + b11-like ncRNA homodimer)

secondary
hairpin

Cell

F13a1
(HEPN fusion + b13-like ncRNA)

( +F13a-D1-ll

secondary

— +ncANA o
. 3 hairpin
migration
+HEPN
fusion ncRNA in
_— (+) charged
main groove
hairpin
AbiF-subdomain-II
_ remnants
AbiF-subdomain-I
—ncANA T oRNA
+ CRISPR RNA + CRISPR RNA
+ single REC + REC insertions
insertion + DR-binding helices
Cas13e (c13ct) Cas13b-t
(spacer+DR) (spacer+DR)
+ DR-binding - b
single beta region
REC helix AbiF-subdomain-I
remnants

direct
repeat

AbiF-subdomain-I

single CRISPR

remnants e adaptor domain
+REC | + DR-binding helices petween HEPNS
domains l l
Cas13d Cas13a
(DR+spacer) (DR+spacer)

DR-binding
beta region

repeat

DR-binding
beta region

direct
repeat

ancestral F13a1/2
HEPN system A i) — Fisaie
\ +ncRNA + NA binding domains l + crRNA
M ncRNA
AbiF antitoxin Cas13e (c13c1) crRNA
[TEeen ] + ) [Cht [R[H2]c) + Nn
i ncRNA + Helical/NTD domains
+ expands nGRNA + Cas1/Cas?2 association
WY A iati
founder AbiF antitoxin * L/CorA association
[ [HEPN | + _an Cas13a/c/d crRNA
[NTD [H1-[_Helical [[ [ H2 [C) + []
‘ H1-1l
+gene duplication + RNA guided domain
+ RNP asyrr’rﬂemzat'f’” + Cas1/Cas2 association | + crRNA
~ AbiF-specific domains + Csx27/28 association
crRNA Cas13b
N+ A ] RNA guided domain [ H2)

(legend on next page)



Cell (2025), https://doi.org/10.1016/j.cell.2025.01.034

Please cite this article in press as: Zilberzwige-Tal et al., Reprogrammable RNA-targeting CRISPR systems evolved from RNA toxin-antitoxins,

Cell

Trp161 of the other monomer. The positively charged side
chains Arg24 and His61 further coordinate the ligand. Based
on these characteristics, the ligand could be tentatively identi-
fied as a bound nucleotide, potentially AMP, but the resolution
was not high enough for definitive assignment. We hypothe-
sized that this bound ligand might contribute to the activity of
the PbAbiF protein. Accordingly, we screened the activity of
apo-form PbADbIF in the presence of 20 different nucleotides/
nucleosides. Activity was inhibited in the presence of nucleo-
side diphosphates, monophosphates, and cyclic nucleotides
(Figure S6F), suggesting that the bound ligand allosterically
regulates enzymatic function.

Evolution of the RNA-guided nuclease activity of Cas13
Finally, we mapped protein structures and other features onto
the evolutionary scenario inferred from the sequence-based
maximum-likelihood phylogenetic analysis to infer a detailed ac-
count of how the RNA-guided nuclease function of Cas13 might
have emerged (Figures 1D and S3). For Cas13e, F13a1, and puta-
tive founder AbiF, RNPs were modeled with AlphaFold3,%
achieving predictions with minimum protein/ncRNA interface er-
rors of 4.4, 3.7, and 3.1 A, respectively. For Cas13c-t, we used
AlphaFold2 without RNA because the crRNA orientation is
unknown.

Under the inferred evolutionary scenario, the AbiFr ncRNA
apparently expanded, yielding two hairpins (main and secondary
hairpins), resulting in a ncRNA with a large stem loop found in the
putative founder AbiF clade (Figure 7A). Despite this expansion,
the ncRNA’s main hairpin still encompassed a 5’ extension that
apparently blocks the HEPN active site, suggesting the ncRNA
still functioned as an antitoxin (Figure 7A). The AbiF protein
then likely underwent gene duplication and fusion, resulting in
a dual-HEPN protein interacting with a b13-like AbiFr ncRNA.
The binding site for this ncRNA was predicted to migrate into
the positively charged groove (Data S2.7), which apparently
co-evolved with the insertion of additional RNA binding helices
alongside reductions to the AbiF subdomain (Figure 7A; Data
S2.7). This transition was likely paired with the insertion of posi-
tively charged, beta-rich domains (F13a-D1-1 and F13a-D1-ll),
which further expanded the positively charged groove, resulting
in the emergence of extant F13a1/2 systems. The ancestral
F13a1/2 systems subsequently lost their genomic association
with the ncRNA antitoxin, potentially enabling them to interact
with other RNAs such as crRNAs. During the subsequent evolu-
tion toward Cas13e, the ancestral F13a-D1-I domain likely per-
sisted but rapidly evolved, allowing the protein to bind the crRNA
stem loop. Additional helical insertions between the HEPN-1 he-
lix 4 and the AbiF-subdomain-I remnant from HEPN-2 appear to
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have further facilitated binding to the crRNA stem loop (Figure 7).
However, binding the DR hairpin alone was likely insufficient for
full RNA-guided conformational activation of the HEPN domains.
The crucial evolutionary step was likely the insertion of a highly
charged REC helix, recognizing the matched guide-target RNA
duplex and thus facilitating specific target recognition (Figure 7).
Together, these evolutionary events appear to have givenrise to
an ancestral form of RNA-guided Cas13 similar to Cas13e.

Subsequent evolution of more complex forms, such as Cas13a,
¢, and d, involved additional structural adaptations. The Cas13e-
like ancestor acquired extensive REC insertions, resulting in the
increased guide length seen in Cas13a and b and likely enhancing
mismatch detection (Figure 7). Notably, evolution of Cas13b ap-
pears distinct, possibly stemming from an ancestral system pre-
dating F13a1/2. In contrast to Cas13a, c, and d, both Cas13b
and Cas13b-t contain unique insertions located almost exclu-
sively between the two HEPN domains, facilitating binding to
both the crRNA hairpin and the guide RNA/target RNA duplex
(Figure 7). This divergence between Cas13b and Cas13a, ¢, and
d is underscored by the distinct spacer configuration of Cas13b
crBNAs (spacer + DR) and the lack of a structurally analogous
DR-binding beta region (found in Cas13a, c, d, and €). In terms
of the catalytic activity, the HEPN domain active sites of all
Cas13s face away from the target RNA, suggesting that the collat-
eral activity persisted as a core function starting from ancestral
AbiFs. This scenario is supported by our observation that
Cas13e has basal non-specific RNase activity that is inactivated
by crRNA (Figure 3D), analogous to AbiF and its ncRNA (Fig-
ure 5E), indicating that Cas13e exhibits characteristics of both
TA and CRISPR systems where the crRNA serves as both a guide
and a target-dependent antitoxin. As Cas13e evolved into the
larger Cas13a, the apo-form non-specific RNase activity appears
to have been lost, marking the complete transition from a TA sys-
tem to a specialized CRISPR system.

Notwithstanding the complexity of advanced RNA-guided
systems such as Cas13a, b, ¢, and d, our findings suggest a rela-
tively straightforward path of evolution of RNA-guided RNA-tar-
geting nucleases from non-RNA-guided nucleases containing
the same catalytic domain. The transition from a protein inher-
ently capable of RNA recognition, such as AbiF, to a rudimentary
RNA-guided system, such as Cas13e, apparently was enabled
by a minimal set of insertions, one for binding the crRNA DR
and another for binding the guide RNA-target RNA duplex.

DISCUSSION

Here, we showed that among all identified Cas13-like HEPN
domain-containing proteins, AbiF and F13a1/2 are the most

Figure 7. Evolution of the RNA-guided nuclease activity of Cas13

(A) Structural comparison highlighting evolutionary domain acquisitions and modifications. Arrows represent likely evolutionary steps, with modern ancestors
shown via structures. Italicized labels indicate key changes from previous step in evolution. Some domains are translucent for clarity. Structure sources: PbAbiF
(PDB: 8VZ6), Cas13a (PDB: 5XWP*°), Cas13b-t (PDB: 7VTN®), Cas13d (PDB: 6E9F®°), Cas13e (AF3°°), F13a1 (AF3), and putative founder AbiF (AF3), Cas13c-t
(AF2).

(B) Protein domain architectures for the Cas13/AbiF/Abi-2 clade, highlighting the location of the four helical regions of the HEPN domain, with HEPN helix 2
containing the catalytic motif.

(C) Simplified evolutionary schematic detailing the evolution of Cas13 from AbiF.

See also Figure S3.
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similar to Cas13 at both the structural and sequence levels and
are likely the ancestral nucleases from which Cas13s evolved.
Although other HEPN-containing nucleases, such as the
CRISPR-associated Csm6 or the defense-associated DndB,
could be appealing candidates for Cas13 ancestors from a func-
tional perspective, they are notably less similar to Cas13s.
Following our hybrid structure/sequence-based search for
Cas13 homologs, we used state-of-the-art sequence-based
phylogenetic analyses to trace the evolution of Cas13 from
AbiF, the likely ancestral form containing a single HEPN nuclease
and associating with diverse AbiFr ncRNAs. We structurally and
biochemically characterized AbiF and showed that it is a toxin
nuclease controlled by an ncRNA antitoxin. Additionally, we
characterized a distinct subtype of Cas13, designated Cas13e,
a compact protein containing two HEPN domains, which is a
likely evolutionary intermediate between AbiF and large
Cas13s containing REC/helical insertions. Lastly, we computa-
tionally explored the diversity of AbiF and AbiF-like HEPN-con-
taining proteins.

The HEPN-mediated toxicity of AbiF and its inhibition by AbiFr
ncRNA confirm that AbiF is a type Ill TA system. We demon-
strated that, like other type Ill toxins, AbiF catalyzes the matura-
tion of its antitoxin ncRNA and that the PbAbiFr ncRNA sterically
masks the catalytic site of PbAbiF and inhibits the RNase. The
PbAbiFr antitoxin ncRNA adopts a predominantly double-
stranded structure with numerous RNA base triples (hydrogen
bonding involving three bases) when it binds to the AbiF protein,
offering a unique structural scaffold that potentially explains the
specificity between AbiFs and their cognate antitoxins that we
observed. As observed both in our solved cryo-EM model of
PbAbiF and the AF3 model of the putative founder AbiF clade,
the ncRNA is also rigidly oriented relative to the protein and con-
tains a 5’ ssRNA extension that is precisely positioned in the
HEPN active site, likely explaining the precise 5 processing.
However, the specific mechanism by which PbAbiF processes
the 3’ end of the ncRNA remains unclear. It is possible that,
like Cas13a,’”°® AbiF may contain a secondary, potentially
metal-independent, nuclease active site that helps processing
the ncRNA, which could explain the cleavage effects that are
sometimes observed when EDTA is present. Further investiga-
tion is needed to elucidate the precise molecular events facili-
tating PbAbiF’s processing of the 3’ end of the antitoxin ncRNA.

Like other type Ill TA systems, PbAbiF forms oligomeric as-
semblies that interact with the AbiFr antitoxin ncRNA.® In the
case of type Ill TA systems with resolved structures, such as
ToxIN, each pseudoknotted Toxl RNA is bound in a head-to-
tail orientation to two ToxN monomers, obstructing their active
sites.®® Despite observing a comparable inhibitory mechanism
involving the occupation of active sites by the ncRNA antitoxin
in PbADbIF, it is noteworthy that the ncRNA does not adopt a
head-to-tail configuration but rather binds to a single monomer.

We further found that other systems, such as phage anti-de-
fense modules, might co-opt or interfere with AbiF and/or AbiFr
ncRNAs. For example, the sk1 and 712 RNA hairpins found in Lac-
tococcus lactis phages might mimic the function of AbiF-ncRNA
antitoxins to evade AbiF’s RNase activity. This form of mimicry-
based evasion appears in other phage anti-defense systems,
such as Racrs, which are RNA-based CRISPR mimics used by
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phage to evade bacterial CRISPR systems.”®®° AbiFs appear to
have been directly incorporated into other biological pathways
involved in defense and cellular signaling. For example, abiF
genes can be found in bacteriophage exclusion (BREX) gene cas-
settes, embedded in type | restriction systems and even fused to
Cas3 in some type | CRISPR systems, suggesting a potential role
for AbiF in safeguarding or regulating defense systems (Figure S7).
We additionally found abiFs associated with cyclic oligonucleo-
tide-based anti-phage signaling system (CBASS)-likenucleotidyl-
transferases (NTases) and trypsin proteases where the antitoxin
appears to have been lost, potentially replaced by the accompa-
nying gene (Figure S7). Moreover, while AbiFs do not appear to be
RNA-guided, the unique predicted placement of the ncRNA for
F13a1 (Figure 7) suggests that F13a1 and/or F13a2 may function
as unique RNA-guided systems not associated with CRISPR.
The diversity of the AbiF and other HEPN-containing nucle-
ases underscores the complex backdrop of abortive infection-
linked systems from which RNA-guided defense functions
evolved. Unlike the case of the transposon-linked OMEGA-
TnpB and OMEGA-IscB,®” which already possessed the RNA-
guided mechanism and likely evolved into type V and type Il
CRISPR-Cas systems on numerous occasions, the origin of
Cas13 from AbiF appears to have been a unique or at best a
rare event. Conceivably, this is the case because AbiF, although
interacting with a ncRNA, does not employ it as a guide, making
the transition to an RNA-guided CRISPR effector far more chal-
lenging. Through extensive sequence mining, deep learning-
based structure prediction, structure/sequence comparisons,
and sequence-based phylogenetic analysis, we reconstructed
the likely path of evolution from AbiF —a small, non-specific toxin
RNA nuclease—to Cas13—a large, elaborate, RNA-guided and
RNA-targeting CRISPR effector. The Cas13 subtype that ap-
pears to be an evolutionary intermediate between AbiF and
Cas13a/c/d, Cas13e, is the smallest known RNA-guided
nuclease in the AbiF/Cas13 family. Taken together, the results
of this work offer a detailed account of how a reprogrammable
RNA-guided CRISPR mechanism likely evolved from a non-
RNA-guided system, specifically a protein toxin-ncRNA antitoxin
pair. More broadly, this study sheds light on the paths by which
innate immune systems can evolve into adaptive ones in the
everlasting arms race between hosts and pathogens.

Limitations of the study

Only protein families for which a confident AlphaFold2 prediction
could be obtained were included in the structural UPGMA anal-
ysis; however, only a small minority did not pass (66/456, 14%),
consisting mainly of incomplete proteins. Phylogenetic analyses
rely on specific statistical assumptions and the quality of avail-
able data. As both genomic datasets and computational
methods continue to improve, the accuracy and resolution of
phylogenetic reconstructions may be further refined. Our RNP
structure models for Cas13e, F13a1, and putative founder AbiF
may have errors in the placement of the RNA, as they are pre-
dicted structures; however, the AlphaFold3 model is highly
confident in these predictions given that the model is well cali-
brated to predict its own error on new unseen examples.®® We
further identified a large number of AbiF-related systems. We
focused here on a limited set of AbiF-like systems, but owing
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to the diversity of AbiF-related systems, there were many sys-
tems that we were unable to characterize.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli Endura electrocompetent Lucigen 60242

E. coli C43(DEJ) electrocompetent cells Biosearch Technologies 60345-1

Paenibacillus donghaensis Belgian Coordinated LMG 23780
Collections of Microorganisms

Chemicals, peptides, and recombinant proteins

glycoblue Thermo Fisher Scientific AM9515

cOmplete, EDTA-free Roche 04693124001

Strep-Tactin Superflow Plus resin Qiagen 30004

cOmplete ULTRA Tablets Millipore Sigma 6538282001

RESOURCE S column Cytiva 17-1180-01

Superdex 75 Increase 10/300 GL column Cytiva 29148721

Ni Sepharose 6 Fast Flow Cytiva 17531801

T4 Polynucleotide Kinase New England Biolabs MO0201L

RNA 5’ polyphosphatase Biosearch Technologies RP8092H

pCp-Cy5 Jena Biosciences NU-1706-CY5

T4 RNA ligase 1, ssRNA ligase (High Concentration) New England Biolabs M0437M

NEBuffer r3.1 New England Biolabs B6003S

Proteinase K New England Biolabs P8107S

RNase A New England Biolabs T3018L

SUPERase In RNase inhibitor Invitrogen AM2694

LwaCas13a New England Biolabs Custom order

Critical commercial assays

NucleoBond Xtra Midi kit

Direct-zol RNA miniprep plus

Zymo RNA Clean & Concentrator-5

NEBNext rRNA depletion kit (Bacteria)
SMARTer smRNA-Seq Kit for lllumina
HiScribe T7 High Yield RNA Synthesis Kit
RNaseAlert

KAPA Library Quantification Kit for lllumina
NEBNext Multiplex Small RNA Library Prep kit

Machery-Nagel

Zymo

Zymo

New England Biolabs
Takara Bio

New England Biolabs
Thermo Fisher Scientific
Roche

New England Biolabs

740410.50
R2073
R1013
E7850L
635030
E2040S
44-797-68
KK4824
E7330S

Deposited data

PbAbiF RNP structure This paper PDB: 8VZ6, EMD: 43682
Oligonucleotides

For all sequences, see Table S4 IDT, TWIST N/A

Recombinant DNA

For all sequences, see Table S4 IDT, TWIST N/A

Software and algorithms

ImagedJ
Anaconda

Schneider et al.”"

Anaconda Software

Distribution. Anaconda Inc’®

https://imagej.nih.gov/ij/
https://www.anaconda.com/download
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BWA (Burrows-Wheeler Aligner) Li and Durbin”® http://bio-bwa.sourceforge.net/

Samtools Lietal.” http://www.htslib.org/

Cutadapt Martin’® https://cutadapt.readthedocs.io/

bcl2fastq lllumina’® https://support.illumina.com/sequencing/
sequencing_software/bcl2fastqg-
conversion-software.html.

Python v3.5 Python Software Foundation https://www.python.org

SciPy Virtanen et al.”” https://docs.scipy.org/

PySpark 2.4 Apache Foundation https://spark.apache.org/docs/
latest/api/python/index.html

DALI Holm'® https://ekhidna2.biocenter.helsinki.fi/dali/

AlphaFold2 Jumper et al.*® https://deepmind.google/technologies/alphafold/

AlphaFold3 Abramson et al.®® https://alphafoldserver.com/

RFNA Baek et al.”® https://github.com/uw-ipd/Rose TTAFold2NA

MMSeqs2 Steinegger and S6ding”® https://github.com/soedinglab/MMseqs2

HH-suite Steinegger et al.>* https://github.com/soedinglab/hh-suite

R-scape Rivas et al.*>"® http://eddylab.org/R-scape/

FLSHclust Altae-Tran et al*® Code in corresponding paper

BPROM Li* https://www.softberry.com/berry.
phtml?topic=bprom&group=
programs&subgroup=gfindb

HMMER Finn et al.®° http://hmmer.org/

BLAST Camacho et al.®’ https://blast.ncbi.nim.nih.gov/

1Q-Tree2+ModelFinder
MAFFT

MUSCLE
Pymol
UFold
RNAfold

Infernal
Rfam
PFAM

NCBI
JGlI
EMBL
PDB

Kalyaanamoorthy et al.*%%
Katoh et al.®

Edgar®
Schrédinger®*
Fu et al.?®
Lorenz et al.?®

Nawrocki and Eddy®”
Kalvari et al.*!

Mistry et al.®®
NCBI®!
Grigoriev et al.*°
Richardson et al.®”

PDB

doc/blast-help/downloadblastdata.html
https://www.igtree.org/

https://mafft.cbrc.jp/alignment/
server/index.html

https://www.drive5.com/muscle/
https://pymol.org/support.html
https://github.com/uci-cbcl/UFold

https://rna.tbi.univie.ac.at/
cgi-bin/RNAWebSuite/RNAfold.cgi

http://eddylab.org/infernal/
https://rfam.org/

https://pfam-docs.readthedocs.io/
en/latest/summary.html

https://www.ncbi.nlm.nih.gov/
https://jgi.doe.gov/
https://www.ebi.ac.uk/
https://www.rcsb.org/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains

For protein purification, E. coli C43(DE3) from a single colony was grown in Terrific Broth media (TB) at 37°C until OD600 reached 0.6,
and further grown at 16°C with IPTG supplementation for 16 hours for expression. For growth assays, E. coli C43(DE3) from a single
colony was grown in TB at 37°C overnight and then plated on LB-agar plates supplemented with appropriate antibiotics and IPTG,
glucose, or arabinose and induced at 37°C for 16 hours. For CFU assays E. coli C43(DE3) from a single colony were grown in TB at
37°C overnight, IPTG was then added, and culture samples were collected at different time points following induction. Culture for
P.donghaensis followed the conditions suggested by the Belgian Coordinated Collections of Microorganisms (BCCM).
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METHOD DETAILS

Plasmid construction

For protein purification of Cas13e, a codon-optimized sequence of cas13 (contig ID 37790, Joint Genome Institute (JGI)) was cloned
into a modified pET45(+) backbone with an N-terminal 14xHIS-Twin-Strep-bdSUMO tag. The ncRNA was cloned into a separate
pCOLADuet-1 vector downstream of the J23119 promoter. For the 3N degenerate library, the target sequence was ordered as an
ssDNA oligo from IDT and amplified by PCR using NEBNext High-Fidelity 2X Master Mix (NEB) and the fragment was gel purified.
Simultaneously, 4 ug of pUC19 vector was digested with Sspl and Pdml (Thermo Fisher Scientific) and the resulting vector backbone
was gel purified. The vector and insert were assembled using Gibson assembly with 2X Gibson Assembly Master Mix (NEB) in an 80
uL reaction with 800 ng of backbone vector and an 8x molar quantity of insert at 50 C for 1 hour. The assembled plasmid was purified
by isopropanol precipitation by adding 80 uL of isopropanol, 1.6 uL of 5 M NaCl (final reaction concentration 50 mM) and 1 uL of
glycoblue co-precipitant (Thermo Fisher Scientific) and incubating at room temperature for 15 min. The precipitated DNA was
then centrifuged for 15 min at max speed at 4 C, then washed twice with freshly prepared ice cold 70% ethanol, air-dried at room
temperature for 1 min and resuspended in 12 uL TE buffer at 55 C for 10 min. 4 uL of the resuspension was electroporated in 50
uL of Endura electrocompetent E. coli (Lucigen) as per the manufacturer’s instructions and recovered in 2 mL recovery media at
37 C for 1 hour. The cells were then plated across 2 22.7 cm x 22.7 cm plates with the appropriate antibiotic resistance and grown
for 12-16 h at 37 C. The resulting colonies were then scraped off the plate and midiprepped using a NucleoBond Xtra Midi kit
(Machery-Nagel). For quality control, next-generation sequencing libraries were prepared from the resulting plasmids and
sequenced on an lllumina MiSeq. For growth assays, CFU assays, and protein purification of AbiF RNPs the native locus of AbiF
from its natural host was cloned into a modified pET45(+) backbone with C-terminal Strep-tag Il using Gibson assembly (NEB).
For apo AbiF, the RNA upstream of the AbiF coding sequence was removed using reverse PCR (NEB). For dead AbiF plasmids, point
mutations in the HEPN catalytic motif (R210A, H215A for PbAbiF and R213A, H218A for EcAbiF) were introduced using PCR. For
preinduction of RNA spotting assay, apo AbiF was cloned into a modified pCOLADuet backbone with N-terminal HISX14 Twin-Strep
and bdSUMO tag using Gibson assembly (NEB). The AbiFr ncRNA was cloned into pBAD backbone using Gibson assembly.

Purification of recombinant proteins

AbiF RNP complex: Vectors were transformed into E. coli C43(DE3) electrocompetent cells (Biosearch Technologies). Cells were
grown at 37°C in TB supplemented with the appropriate antibiotics until reaching ODgg9=0.6, then shifted to 18°C and induced
overnight at 18°C with 1 mM IPTG (Gold Biotechnology). Cells were then harvested by centrifugation for 10 minutes at 4°C at
5,000 rpm (Beckman Coulter Avanti J-E, rotor JLA-8.1000). The cell paste was resuspended in lysis buffer (50 mM Tris pH 7.5,
500 mM NaCl, 5% glycerol, 5 mM MgCl,, and 5 mM 2-mercaptoethanol) supplemented with protease inhibitors (Roche cOmplete,
EDTA-free), and lysed by two passes with a high-pressure homogenizer (LM20 Microfluidizer, Microfluidics). The lysate was
cleared by centrifugation, and the soluble fraction was gently mixed with Strep-Tactin Superflow Plus resin (Qiagen) at 4°C.
The resin was first washed with lysis buffer, then briefly with buffer A (10 mM HEPES pH 7.9, 250 mM potassium acetate,
2.5 mM magnesium acetate, 5 mM 2-mercaptoethanol) on a gravity flow column. Bound RNP was then eluted in buffer A supple-
mented with 5 mM desthiobiotin (Sigma).

Apo AbiF: The RNP vectors were transformed into E. coli C43(DE3) electrocompetent cells (Biosearch Technologies). Cells were
cultured at 37 °C until reaching ODggo=1.8, and protein expression was then induced by the addition of 1 mM IPTG (Gold Biotech-
nology). Cells were then allowed to grow further at 21°C overnight. All subsequent steps were carried out at 4°C. Cells were har-
vested by centrifugation for 10 minutes at 4°C at 5,000 rpm (Beckman Coulter Avanti J-E, rotor JLA-8.1000). The cell paste was
resuspended in 5 volumes of lysis buffer (50 mM Tris-HCI, pH 8.0, 500 mM NaCl, 5% [vol/vol] glycerol, 5 mM 2-Mercaptoethanol)
containing cOmplete ULTRA Tablets (Millipore Sigma 6538282001) and disrupted using an LM20 microfluidizer (Microfluidics).
Cell debris was removed by centrifugation for 1 hour at 4°C at 9,500 rpm (Beckman Coulter Avanti J-E, rotor JLA-10.500). Nucleic
acids were precipitated by 1% [vol/vol] polyethylenimine (PEI), followed by centrifuging at 9,500 rpm at 4°C for 30 minutes. The
pellet was washed with buffer A (20 mM Tris-HCI, pH 8.0, 10% [vol/vol] glycerol, 5 mM 2-Mercaptoethanol) followed by centri-
fuging at 9,500 rpm at 4°C for 30 minutes. The pellet was discarded and the proteins in the supernatant were loaded onto a
RESOURCE S column (Cytiva) pre-equilibrated with buffer A. The column was washed with 10 column volumes of buffer A and
then eluted with a linear gradient of 10 column volumes of buffer B (50 mM Tris-HCI, pH 8.0, 1 M NaCl, 10% [vol/vol] glycerol,
5 mM 2-Mercaptoethanol). Fractions containing apo PbAbiF were pooled, concentrated, and then loaded on a Superdex 75 In-
crease 10/300 GL column (Cytiva) pre-equilibrated in buffer C (10 mM HEPES pH 7.5, 250 mM Potassium acetate, 2.5 mM Mag-
nesium acetate, 20% [vol/vol] glycerol, 5 mM 2-Mercaptoethanol). The purified proteins were concentrated, aliquoted, frozen in
liquid nitrogen, and stored at -80°C.

The Cas13e RNP complex and apo Cas13e were purified similarly to the AbiF RNP complex with the following modifications: lysis
buffer contained 50 mM Tris pH 8, 200 mM NaCl, 5% glycerol, 5 mM MgCI2, and 5 mM 2-mercaptoethanol. The soluble fraction was
gently mixed with Ni Sepharose 6 Fast Flow (Cytiva) at 4°C. The resin was first washed with lysis buffer, then briefly with buffer A
(50 mM Tris pH 8, 1 M NaCl, 5% glycerol, 5 mM MgCI2, and 5 mM 2-mercaptoethanol), and buffer B (50 mM Tris pH 8, 500 mM
NaCl, 5% glycerol, 5 mM MgCI2, and 5 mM 2-mercaptoethanol) on a gravity flow column. Bound RNP and apo protein were cleaved
using bdSENP1 protease.
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Small RNA sequencing

For Cas13e RNPs, 200 uL of RNPs were mixed with 600 pL of TRI reagent (Zymo) and incubated for 5 minutes at room temperature.
120 pL chloroform (Sigma Aldrich) was then added, the sample was inverted gently to mix, and then incubated at room temperature
for 3 minutes, followed by spinning at 12000xg at 4°C for 15 minutes. The aqueous phase was used as input for RNA extraction using
a Direct-zol RNA miniprep plus kit including in-column DNase | treatment (Zymo). The purified RNA was then subject to treatment as
per the manufacturer’s instructions with 20 U of T4 PNK (NEB) for 6 hours at 37°C, then 20 U of RNA 5’ polyphosphatase (Biosearch
Technologies) for 30 minutes at 37°C, with each enzymatic step followed by cleanup with a Zymo RNA Clean & Concentrator-5 kit as
per the manufacturer’s instructions. Following enzymatic treatments, purified RNA was subject to library preparation with a SMARTer
smRNA-Seq Kit for lllumina (Takara) as per the manufacturer’s instructions. The library was sequenced on an lllumina MiSeq with
Read 1 80 cycles, Index 1 8 cycles, Index 2 8 cycles. Adapters were trimmed using CutAdapt’® and mapped to loci of interest using
BWA.

For AbiF RNPs, the above protocol was followed with the following modifications: 1 hour incubation with PNK and following enzy-
matic treatments, purified RNA was subject to library preparation with an NEBNext Multiplex Small RNA Library Prep kit (NEB) as per
the manufacturer’s instructions, with an extension time of 1 minute and 12 cycles in the final PCR. Amplified libraries were gel ex-
tracted, quantified by gPCR using a KAPA Library Quantification Kit for lllumina (Roche) on a CFX Opus 384 (BioRad), and sequenced
on an lllumina MiSeq with Read 1 45 cycles, Read 2 45 cycles and Index 1 6 cycles. Adapters were trimmed using CutAdapt’® and
mapped to loci of interest using BWA. Filled reads were obtained, and filled reads filtered as indicated were visualized using a custom
Python script.® For in vitro AbiFr ncRNA processing the reactions were treated and analyzed as mentioned above with the following
modification: the reads were filtered based on reads length (40-60 nt).

For native expression, P. donghaensis was obtained from BCCM as a freeze-dried culture, resuspended in the appropriate media
and cultured in Medium 14 at 25°C for 3 days. 5-mL cultures were spun down, resuspended in 750 pL TRI reagent (Zymo) and incu-
bated for 5 minutes at room temperature. 0.5 mm zirconia/silica beads (BioSpec Products) were added, and the culture was vortexed
for approximately 1 minute to mechanically lyse cells. 200 pL chloroform (Sigma Aldrich) was then added, and the above protocol was
followed with the following modifications: prior to T4 PNK treatment, ribosomal RNA was removed using an NEBNext rRNA depletion
kit (Bacteria) (NEB).

Electrophoretic mobility shift assay (EMSA)

Following small RNA sequencing, the AbiFr ncRNA sequence was determined. The AbiFr ncRNA sequence and random RNA of the
same length were purchased from IDT. 50 pmol of the RNA was heated for 3 minutes at 65°C, then labeled with 100 pmol of pCp-Cy5
(Jena Biosciences) using 68 U T4 RNA ligase 1, ssRNA ligase (High Concentration) (NEB) in a 1X buffer of 50 mM Tris-HCI pH 7.5,
10 mM MgCI2, 2 mM DTT, 2 mM ATP, and 10% DMSO at 4°C overnight and purified using a Zymo RNA Clean & Concentrator-5
column as per the manufacturer’s instructions. 5 nM of labeled RNA was incubated with increasing concentrations of PbAbiF protein
(0, 0.5, 5, 25, 50, 150, 250, 500, 750, 1000, 1500, 2000, 2500, 3500 and 5000 nM) in NEBuffer r3.1 supplemented with 5% glycerol,
1ug/mL heparin and 0.01% triton. Samples were incubated at 37 °C for 1 hour. 5XHi-Density buffer was added to the samples and
RNA was resolved by gel electrophoresis on Novex 10% TBE polyacrylamide gels (Thermo Fisher Scientific). The gels were pre-
runed at a constant voltage (50) for 30 minutes in 0.5% TBE at 4°C. Following sample loading, the gels were run at a constant voltage
(100) for 110 minutes in 0.5% TBE at 4°C. The gels were imaged using a BioRad ChemiDoc imaging system, and the area under the
curve for the bound and unbound peaks was quantified using Imaged. The fraction of bound RNA was calculated using the following

. P _ bound RNA
formula: fraction bound RNA = g mei o o NG

Hill equation fit for Kd estimation

EMSA data was quantified and converted to RNA bound fractions ranging from 0 to 1, as described above. A Hill equation was fitted
using scipy’s curve_fit function fitting both the Kd and n (Hill coefficient).”” R-squared values were computed using the standard
R-square formula with the prediction’s residuals. Error estimates for the fitted parameters were calculated using the standard covari-
ance formulation assuming normally distributed error estimate (1.96*sqgrt(cov[param,param])).

Liquid growth assay

Vectors were transformed into BL21(DE3). A single colony was grown in TB at 37°C overnight. All samples were diluted to a final
ODggo= 0.01 and plated in a clear bottom 96-well Clear Flat Bottom Plate (Corning). ODggo Was measured using Biotek Synergy
Neo 2 (Agilent). 1 mM IPTG was added to all samples at T=240 minutes.

Spotting assays
Vectors were transformed into BL21(DE3). A single colony was grown in TB at 37°C overnight. Six serial dilutions of the overnight
culture were prepared in TB. 5 pL of each dilution were induced on LB plates with the appropriate antibiotics and inducer and
then incubated for 16 hours at 37°C. Plates were imaged with a BioRad ChemiDoc imaging system.

For the pre-induction of RNA, the assay was carried out as similar to the above with the following modifications: the overnight cul-
ture was incubated with or without 2 mM arabinose.
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Viable count assay

Vectors were transformed into BL21(DES). A single colony was grown in TB at 37°C overnight. The next day, 1 mM IPTG was added to
the media. At various time points, small aliquots were sampled from each condition. The samples were serial diluted and plated on LB
agar plates with IPTG and incubated for 16 hours at 37°C. Following incubation, the number of colonies on each plate was counted.

Plasmid maintenance assay

Vectors were transformed into BL21(DE3). A single colony was grown in TB with 100 mg/mL Ampicillin and 0.1 mM IPTG at 37°C
overnight. The overnight culture was then diluted into fresh TB without antibiotics and with 0.1 mM IPTG and allowed to grow over-
night. The process of diluting the overnight culture in fresh media with IPTG was repeated for 10 days. Each day before diluting the
culture, small aliquots were taken from each sample for serial dilutions. 5 uL of each dilution was plated on an LB agar plate supple-
mented with 100 mg/mL Ampicillin and incubated for 16 hours at 37°C.

In vitro AbiFr ncRNA processing

RNA was either purchased from IDT or produced by annealing oligo DNA to T7P primer and in vitro transcription (HiScribe T7 High
Yield RNA Synthesis Kit, NEB). The RNA was then purified using Zymo RNA Clean & Concentrator-25 per the manufacturer’s instruc-
tions. The RNA was then 3’-end labeled as described above. The ncRNA processing reaction contained 1 uM of RNA and 1 uM of
AbiF in NEBuffer 3.1. The reaction was allowed to proceed at 37°C for 1 hour. Reactions were then treated with 1.6 U of Proteinase K
(NEB) at room temperature for 15 minutes. RNA was resolved by gel electrophoresis on Novex 10% TBE-Urea polyacrylamide gels
(Thermo Fisher Scientific) as specified and imaged using a BioRad ChemiDoc imaging system. For RNA sequencing, the RNA was
extracted and sequenced as described above with the following modifications: 30 pL reaction was mixed with 90 pL of TRI reagent
(Zymo) and 18 pL chloroform (Sigma Aldrich).

Cleavage of ssRNA, dsRNA, ssDNA, and dsDNA

ssRNA and its complement oligos as well as ssDNA and its complement oligos were all ordered from IDT. For the formation of dsRNA
and dsDNA, the complementary oligos were mixed in a 1:1 ratio in the presence of 10 mM Tris pH 8, 50 mM NaCl and 10 mM EDTA
and heated to 95°C for 2 minutes with a gradual decrease of temperature to room temperature. For the cleavage reaction, 1 uM of the
oligos was incubated with 1 uM of AbiF or 20 ng of RNase A (NEB) for ssrRNA and dsRNA or 20 U of DNase | (RNase-free) (NEB) for
ssDNA and dsDNA. All the reactions were carried out in NEBuffer r3.1 (NEB) and incubated at 37°C for 1 hour. The DNA and RNA were
resolved by gel electrophoresis on 4% E-Gels (Invitrogen) and imaged using a BioRad ChemiDoc imaging system.

AbiF activity assays
All the activity assay reactions were carried out with approximately 1 uM of apo AbiF or AbiF RNPs. Oligonucleotides were added in a
1:1 or 1:10 ratio (AbiF:RNA) respectively. The assay reactions contained 1X NEBuffer r3.1, 20U of SUPERase In RNase inhibitor (In-
vitrogen) and 1 pL of RNaseAlert sensor resuspended in 10 pL ultra-pure water. The reactions were plated on a Corning Low Volume
384-well Black/Clear Flat Bottom Plate and fluorescence measurements over time were taken using a Biotek Synergy Neo 2 (Agilent).
For the buffer screening assay, the reactions were carried out as described above with the following buffers: NEBuffer 1, NEBuffer
2, NEBuffer r3.1, and NEBuffer 4 (NEB).
Activity assays with NTPs, rNTPs, NDPs, AMPs, and cAMPs were carried out as described above with a 10:1 ratio of
nucleotides:PbAbiF.

Cryo-EM

For cryo-EM grid preparation, a freshly glow-discharged (60 s at 25 mA) Cu300 R1.2/1.3 holey carbon grid (Quantifoil) was mounted in
the chamber of a Vitrobot Mark IV (Thermo Fisher Scientific) maintained at 12°C and 100% humidity. 4 uL of AbiF RNP complex was
applied and immediately blotted using @55 grade 595 filter paper (Ted Pella) and plunged into liquid ethane. Cryo-EM data were
collected using the Thermo Scientific Titan Krios G3i cryo-TEM at MIT.nano using a K3 direct detector (Gatan) operated in super-res-
olution mode with 2-fold binning, and an energy filter with slit width of 20 eV. Micrographs were collected automatically using EPU in
AFIS mode, yielding 4,272 movies for PbAbiF fractionated into 40 frames and a flux of 18.5 e”/pix/s giving a total fluence per micro-
graph of 42.2 e /A?. Cryo-EM data were processed using RELION.®° Movies were corrected for motion using the RELION implemen-
tation of MotionCor2, with 4x4 patches and dose-weighting. CTF parameters were estimated using CTFFIND-4.1. For PbAbiF, par-
ticle picking was initially performed using the Topaz general model,’® yielding 1,137,288 particles. A subset of 332,794 particles
selected after 2D and 3D classifications was then used to train a Topaz picking model. From this round of picking, 1,142,600 particles
were extracted, from which 727,709 particles were selected by 2D classification then 142,581 particles by 3D classification. These
initially refined to 3.91 A resolution. Per-particle defocus refinement and particle polishing improved the reconstruction to 3.62 Ares-
olution. 3D classification without alignment (T=8) yielded a 12,790 particle subset that was refined to produce a map at 3.56 A res-
olution with more clearly defined features. C2 symmetry was applied throughout data processing. For EcAbiF, 1,651,017 particles
were picked using the Topaz general model, which were filtered to 976,664 particles by 2D classification and 335,336 particles
by 3D classification. Per-particle defocus refinement and particle polishing yielded a reconstruction at 3.27 A resolution. D2 symme-
try was applied throughout data processing for the EcCAbiF RNP. Resolution is reported using the gold-standard Fourier Shell

Cell 188, 1-16.e1-e10, April 3,2025 €5




Please cite this article in press as: Zilberzwige-Tal et al., Reprogrammable RNA-targeting CRISPR systems evolved from RNA toxin-antitoxins,
Cell (2025), https://doi.org/10.1016/j.cell.2025.01.034

¢? CellPress Cell

OPEN ACCESS

Correlation with 0.143 cutoff. For model building, AlphaFold2 models were docked into the cryo-EM density and then adjusted and
rebuilt using Coot.”' RNAs were built de novo using coot. The models were refined first using ISOLDE®? then with PHENIX real_spa-
ce_refine,*® just performing one macro-cycle and with nonbonded_weight=2000. Figures were generated using UCSF ChimeraX.

Cas13e targeted activity

RNA was produced by PCR amplification and in vitro transcription (HiScribe T7 High Yield RNA Synthesis Kit, NEB). The target and
non-target RNA were amplified from the 3N degenerate library plasmid, which was constructed as mentioned above. The collateral
RNA was then 3’-end labeled as described above. All the activity assay reactions were carried out with approximately 1 uM of Cas13e
RNP and target or non-target RNA were added in a 1:0.5 ratio (RNP:RNA). Collateral RNA was added in a 1:0.5 ratio (RNP:RNA). The
assay reactions contained 1X NEBuffer r3.1, 20 U of SUPERase In RNase inhibitor (Invitrogen) The reaction was allowed to proceed at
37°C for 4 hr. RNA was resolved by gel electrophoresis on Novex 10% TBE-Urea polyacrylamide gels (Thermo Fisher Scientific) as
specified and imaged using a BioRad ChemiDoc imaging system.

Cas13e collateral activity assay

RNA was produced by PCR amplification and in vitro transcription (HiScribe T7 High Yield RNA Synthesis Kit, NEB). The target and
non-target RNA were amplified from the 3N degenerate library plasmid, which was constructed as mentioned above. All the activity
assay reactions were carried out with approximately 1 uM of apo Cas13e and 45nM of apo LwaCas13a (Custom order from New
England Biolabs). crRNA was added at a 1:1 ratio (protein:RNA) and target or non-target RNA were added in a 1:0.5 ratio (pro-
tein:RNA). The assay reactions contained 1X NEBuffer r3.1, 20 U of SUPERase In RNase inhibitor (Invitrogen) and 1 uL of
RNaseAlert sensor resuspended in 10 puL ultra pure water. The reactions were plated on a Corning Low volume 384-well Black/
Clear Flat Bottom plate, and fluorescence measurements over time were taken using Biotek Synergy Neo 2 (Agilent), at 37°C.

Endonuclease activity assay

RNA was purchased from IDT with 3 constitutive phosphorothioate bonds at the 5’ or the 3’ end. For the time course assay the RNA
was modified with 3 constitutive phosphorothioate bonds at the 5’ and 3’ end The reactions were carried out with 1:1 ratio of
PbAbiF:RNA and contained 1X NEBuffer r3.1, 20 U of SUPERase In RNase inhibitor (Invitrogen). The reaction was allowed to proceed
at 37°C for 1 hour and for the time course assay, small aliqutes were taken at 0, 2, 5, 10, 20, 40 and 60 minutes. Reactions were then
treated with 1.6 U of Proteinase K (NEB) at room temperature for 15 minutes. RNA was resolved by gel electrophoresis on Novex 10%
TBE-Urea polyacrylamide gels (Thermo Fisher Scientific) as specified and imaged using a BioRad ChemiDoc imaging system.

Permissive sequence-based Cas13 homolog search

A collection of non-redundant Cas13 alignments generated from a previous Cas13 search,” as well as non-redundant c13c1 se-
quences (from an HMM search from a seed sequence®’) aligned with MAFFT were curated. The alignments were then split into
two halves, one half covering the HEPN 1 from each protein, the other covering the HEPN 2. These sets of alignments were then
converted to HH-suite HMM profiles. Protein IDs for this analysis have the format GENOMEID_CONTIGID_START_END_STRAND
where STRAND is -1 or 1, and START/END are the genomic coordinates where START is 0 indexed while END is the position after
the last included base pair. Profiles were then searched using HHBIits against a database of clustered protein sequences described
previously (clustered at 30% sequence identity with each cluster aligned using MUSCLE®®) ignoring all clusters that either contains a
single element or does not contain any protein > 200 aa to reduce database contamination by partial/incomplete proteins.

HHblits scores and pairwise profile-profile alignments were then parsed. Positions of each HEPN catalytic site (R and H in R-X
(4,6)-H) were then mapped onto the profile positions. For each pairwise HMM-HMM alignment, the positions of catalytic residues
in the query alignment were then propagated to the positions in the target alignment. Any target alignment that did not have an R
and H at the corresponding positions was discarded for lacking the HEPN active site. 2486 clusters passed this stage.

All representative sequences from the 30% id clusters passing the previous filter were then collected into a new database. Then, all
representative sequences from the 30% id clusters were searched against this database using jackhammer with 8 iterations, inclu-
sion expect threshold of 1e-10, expect threshold of 1e-10, and domain expect threshold of 1e-10, and subsequently aligned using
MAFFT automatic mode without discarding/sampling any sequences. These alignments were then converted into HH-suite HMM
profiles in an HHsuite database. Each profile was then searched against all other profiles in this database using HHblits with 1 iter-
ation and a probability cutoff of 0.01 with 5000 max alignments. These pairwise alignments between 30% cluster ids were used to
generate distance matrices for the profile-profile UPGMA HHsuite distance tree described below.

The major HH-suite HMM profiles of each Cas13 protein half were then used to search against HHM profiles of representative
HEPN domains from PFAM using hhalign, with the resulting scores shown as a heatmap.

Profile-Profile UPGMA dendrogram

A matrix of similarity scores S was constructed using the profile-profile alignment scores from HHblits described above. A default
score of 10 was assigned if no pairwise alignment was found, which is equivalent to an approximate noise floor. The score matrix S
was symmetrized by averaging S with its transpose. A distance-like matrix, D, was then created from the score matrix as follows.
For every valid i,j integer pair (0 < i < S.shape[0], 0 < j < S.shape[0]), then DIi,j] = max(0, log ( (S[i,j]+1e-8) / s_min([i,j]) / 2), where
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s_min[i,j] = min(S[i,i],S[j,j])- This is essentially a normalized log transform of the similarity scores. While this matrix is not a true dis-
tance matrix due to the triangle inequality not necessarily being satisfied, methods like neighbor-joining trees would not work.
In this case, the UPGMA method is used to infer a tree from the distance-like matrix D. The UPGMA method was performed
using scipy’s linkage module with “average” linkage. This tree’s nodes were then clustered into 457 HEPN-containing
superclusters (gene families) using scipy’s fcluster with a distance threshold of 0.5. This dendrogram was only used to create
superclusters.

Structure prediction and structure-based HEPN dendogram / Structure-based Cas13 ancestor search

For each passing supercluster, the longest 30% sequence identity cluster representative was then selected as the representative for
the entire supercluster. Each representative sequence was used to generate a multiple sequence alignment using MMseqs2 from the
colab server, and then a 3D protein structure for the monomer form was predicted using AlphaFold2.?® Only representative se-
quences with an average pLDDT of > 70 for the predicted structure were considered to avoid making comparisons with poor quality
structures, which meant some superclusters would not be considered further. Structures were then aligned to each other using
DALL," storing both Z-scores and pairwise structural alignments. The Z scores were symmetrized by taking the average of the
Z-score matrix with its transpose. For any supercluster, if the mean of the top 5 pairwise Z-scores (including the self Z-score) was
below 5, we excluded the supercluster from analysis due to extreme divergence from all other HEPN-containing proteins. We
repeated this until convergence. Additional superclusters were removed if manual inspection of their pairwise structural alignments
revealed that it did not in fact contain a HEPN domain with an alignable active site. Dali scores were then converted into a distance-
like matrix by taking D[i,j] = 1/ max( Z[i,jl, Z[j,i] ) where Z][i,] is the DALI score between supercluster i and supercluster j. The distance-
like matrix was then used to infer a UPGMA structure tree of HEPN-domain containing proteins with scipy’s linkage module with
“average” linkage.

An additional structure search was performed by searching solved Cas13 structures (in addition to the Cas13c and Cas13e
models) against the set of the structures above along with the set of following structures: HEPN-containing structures from the
PDB, and best of 10 (by pLDDT) AlphaFold2 models of representative HEPN-containing families without solved structures.'? DALI
was used to perform the search, and scores were visualized via heatmap.

Phage-linked RNA association analysis

1,124,303 prokaryotic genomes and draft genomes were obtained from NCBI and NCBI WGS. For genomes without gene predic-
tions, genes were predicted with prodigal, resulting in a total of 4,594,609,314 proteins.’* All predicted proteins were clustered
with a cascaded clustering procedure using Linclust (100%, 98%, 95%, 90%, 70%, and finally 50% with 80% sequence coverage).”®
Due to the maximum dataset size limitation of Linclust/MMseqs2, the initial protein dataset was sharded into 2 randomly generated
fragments and individually clustered (at 100% sequence identity). These shards were rejoined when clustering at 90%, when the
combined database size was sufficiently small. Cluster ids were then mapped onto all proteins within each DNA contig. For each
DNA contig, intergenic regions were determined as follows: A coverage vector P was created, which contains a 1 for any position
where a CDS > 80aa exists on the contig and 0 otherwise. All consecutive runs of 0 in P were then calculated as a list of tuples (start,
end). Tuples within 1500 bp of the contig edge were removed. Tuples covering fewer than 80 bp were removed. Remaining tuples
were then expanded 200 bp on either side, and the corresponding sequences in the original contig were denoted intergenic se-
quences. All intergenic sequences were searched versus Rfam using cmsearch with an evalue threshold of 1e-3 and an inclusion
evalue threshold of 1e-4. All Rfam hits were then remerged with the database so that each contig had information about Rfam hits.

Due to the nature of horizontally transferred genes having separate evolutionary rates compared to core host genes, redundancy
reduction was performed using a genome level redundancy reduction as follows. For each genome, an RpoB (a typically single copy,
signature gene) amino acid sequence was extracted using the high scoring HMMER gene from all genes in that genome. RpoB se-
quences were then clustered at 95% sequence identity using MMSeqgs2. Each gene in the genome was then assigned to the RpoB
sequence from its genome and its corresponding cluster. Importantly, redundancy was not reduced by simply picking representative
genomes, as many genomes have diverse horizontally transferred genes.

For the RNA association analysis, all protein/Rfam pairs within 10 kb in any contig were collected, resulting in 5,065,653,542 pairs.
All protein/Rfam pairs were then grouped according to the following key: (ri_acc, pi_c50_id, pj_c90_id, rpob_c95_id), where rj_acc is
the Rfam accession, pi_c50_id is the 50% sequence identity protein cluster id, pi_c90_id is the 90% protein cluster id, and rpob_
c95_id is the corresponding RpoB cluster id. The protein with the longest distance between its corresponding CDS and the contig
edge was selected as the representative for the group, with tiebreakers formed by the protein id name. The remaining pairs were then
grouped by the key (pi_c50_id, rj_acc). Importantly, this analysis required multidimensional redundancy reduction, both via the RpoB
gene clusters to reduce species redundancy, and via the 90% protein cluster to reduce sequence redundancy. To achieve this, within
each group, each entry was considered a row, and the bipartite matching algorithm was employed to obtain the maximum number of
pj_c90_id values that each match to a distinct rpob_c95_id value. Rows not corresponding to matches were discarded, resulting in
‘non-redundant’ positive pairs.

For each 50% identity cluster, the non-redundant protein count was calculated as the number of 90% sequence identity clusters
within that cluster. 50% clusters with < 5 non-redundant proteins were discarded. A normalizer list was created for each cluster,
which is a list of 90% non-redundant clusters with “default” selections for which 90% cluster representatives to include. This list
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is generated analogously to the non-redundant positive pairs, except the grouping key is just (pi_c50_id) (without any reference to
any rj_acc).

Then for each (pi_c50_id, rj_acc) key, the list of non-redundant positive pairs is combined with the normalizer list. For each pi_
¢90_id in the non-redundant positive pairs, the corresponding entry in the normalizer list is replaced with that of the non-redundant
positive pair, resulting in a ‘replaced normalizer list’ that additionally now contains a token for each row describing if that protein is
associated with rj_acc. This procedure allows different (pi_c50_id, rj_acc) keys to use different representative sequences for the pi_
¢90_id values without causing normalization errors. Next, for each non-redundant protein in the replaced normalizer list, a basal prob-
ability p is computed as max(min(L/icity_width, 1.0) *a_min, a_min_min]) where L is the distance to the closest contig edge, and where
a_min=0.25, and a_min_min=a_min*0.1. These basal probabilities were then placed in an ordered list P. Then, using the list of prob-
abilities P, the number of positive events (number of non-redundant entries in the replaced normalizer list that are associated with
ri_acc), a PoissonBinomial test was performed, resulting in a P-value calculation which can be used to filter out spurious associations.
Next, the Benjamini-Hochberg procedure was performed with an alpha_fdr of 0.05, resulting in a p_critical value of 0.00076. Using
this critical threshold resulted in 175,510 significant (pi_c50_id, rj_acc) key pairs. All passing pairs had the corresponding protein
component predicted for functional domains using hmmsearch® with the Pfam®® database using an evalue threshold of 1e-3 and
domain evalue threshold of 1e-3.

A database of bacteriophage sequences was downloaded from NCBI and converted into a BLAST+ database.

We next estimated phage interactions for each statistically significant (pi_c50_id, rj_acc) key pair using the following strategy. The
non-redundant positive pairs belonging to the key pair were obtained (up to 10000 items), and the corresponding contigs from the
original RNA genes were retrieved. Each of the Rfam hits were then expanded 50 bp upstream and downstream to form an expanded
Rfam profile sequence. These sequences were then aligned with MAFFT automatic mode. Next, we identified conserved regions in
the alignment as follows. The alignment was converted into an M length list (M is the number of columns in the alignment) called P,
where P is the sequence identity (between 0 and 1) at each position P, not-including gaps in the calculation. A list G of length M was
also created which contains the fraction of gap characters at each position. Positions in both G and P where G < 0.25 were discarded.
Then a moving average was calculated over P with a window size of 15 (using ‘same’ padding at the edges) producing the list Pma.
Positions in the original sequence corresponding to positions in the processed Pma where Pma>0.6 were considered conserved. All
expanded Rfam sequences were then searched against phage using BLASTN®' with an e-value threshold of 1e-3. For each hit, if the
fraction of the query sequence overlapping with the conserved positions was > 0.4, the hit was discarded as being too similar to the
conserved regions of the RNA. Thus, all hits remaining are from variable regions of the Rfam expanded sequence that are not simply
homologs of the core Rfam RNA in bacteriophage. Lastly, the strand of the match was calculated as follows. For the target hit, the
mean value of T was calculated where T[i] = 1 if i corresponds to a (+) strand CDS, T[i] = -1 if i corresponds to a (-) strand CDS, T[i] = 0 if
i does not correspond to a CDS in the phage. If mean(T) < 0, the strand preference was considered to be 1, and if mean(T) > 0, the
strand preference was considered to be -1. P-values were computed as follows. For phage match, the number of phage matches
N_p and the total number of non-redundant loci in the replaced normalizer list, N were calculated. Then the probability of this sample
was calculated using a one-sided binomial test (with number of positive events being N_p and number of total draws being N) with a
null hypothesis that the true match probability is 1e-3 and an alternative hypothesis that the true match probability is greater than 1e-3
(same as the e-value threshold of the BLAST search). A second test for match preference was also computed. In this case, the num-
ber of matches to a positive CDS strand was calculated N_plus, and similarly for the number of matches to a negative CDS strand,
N_minus. Then, the match strand preference test was calculated using a two-sided binomial test (number of positive events being
N_plus and number of total draws being N_plus + N_minus) with the null hypothesis being 0.5 chance of observing a positive strand
and 0.5 chance of observing a negative strand in the match. All results were filtered using a p-value threshold of 1e-12 for the phage
match test and a p-value threshold of 1e-3 for the match strand preference test.

Structure predictions for structure comparison

In the case of Swt1-HEPN, we used a 1:1 dimeric structure prediction with AlphaFold2 via ColabFold.°® For Cas13e, we first created
an MSA of all Cas13e direct repeats (DRs) that had an alignable DR, assuming the DR was expressed in the same orientation as the
Cas13e. We then aligned all Cas13e’s from these loci using MAFFT-einsi and created a paired multiple sequence alignment. We then
created a ‘pseudo’ spacer region by taking an arbitrary sequence of length 14, padding it with two ‘A’ bases on each side and placing
it immediately downstream from the Cas13 DR in the multiple sequence alignment. Spacers across all other orthologs are random-
ized. The Cas13e RNP structure was then predicted for each non-redundant (at 70% sequence identity) Cas13e ortholog using the
aforementioned multiple sequence alignment generation procedure, and the one with the best i_PAE was used. Cas13c and F13a2
were used from the previous structure prediction that was performed to do structural comparisons. For visualization in Figure 6, some
structures were generated using the AlphaFold3 online server, as RNP prediction became available with the AF3 model.

Sequence-based phylogenetic analysis of Cas13/AbiF/F13a1/Fa13a2

All 70% non-redundant sequences were included for analysis for Cas13a, Cas13b/b-t, Cas13c/c-t, Cas13d, Cas13e, AbiF, and
F13a1/2, whereas for AbiF, only representative sequences for the 30% clusters were included for the analysis, due to the high degree
of sequence diversity AbiF covers. To compare AbiF, which contains one HEPN domain, with the two HEPN domain-containing pro-
teins, we duplicated the AbiF HEPN domain to model the gene duplication event that likely gave rise to the two HEPN-domain
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systems. This assumption is supported by a single HEPN tree of AbiF and F13a1/2’s HEPN-1 and HEPN-2, which show that the two
HEPN domains of F13a1/2’s likely originate from related AbiFs (Figure S3).

Due to the high sequence divergence between various Cas13s, it is not possible to use a standard alignment method to achieve a
suitable alignment for phylogenetic analysis. We therefore performed an alignment consisting of only extracted HEPN domain helices
as follows. Structures and structure predictions (from Figure 6) were used to annotate the HEPN domain using pymol’s cealign struc-
tural alignment followed by comparison against reference HEPN domains.®” The HEPN helix 1-4 were annotated for each structure
and structure prediction using these alignments. For each class (Cas13a, Cas13b/b-t, Cas13c/c-t, Cas13d, Cas13e, AbiF, and
F13a1/2), sequence alignments were performed within the class using MAFFT including the structure/predicted structure reference.
The HEPN helices from the structure references were then mapped to the alignment columns corresponding to HEPN helix 1-4 (for
both HEPN domains if applicable). For each class, the alignment regions surrounding HEPN helix 1-4 were then extracted, allowing
for an extension of up to 30aa to allow for errors in annotation. This resulted in HEPN1 helix 1, 2, 3, 4 and HEPN 2 helix 1, 2, 3, 4
segments for all classes, except for AbiF, which only has HEPN helix 1, 2, 3, and 4. For AbiF, its HEPN helix 1, 2, 3, 4 segments
was duplicated to form 8 segments: HEPN 1 helix 1, 2, 3, 4 (the original HEPN segments) and HEPN 2 helix 1, 2, 3, 4 (the duplicated
segments). For each segment (e.g., HEPN 2 helix 3) all protein classes’ segment corresponding to this segment (e.g., Cas13b HEPN 2
helix 3) were grouped and realigned using MAFFT. Non-conserved N- and C-terminal regions that were not present for all classes
were trimmed from the segment’s alignment. Finally, all segments were concatenated into a single alignment consisting of HEPN
1 and HEPN 2. Gap positions were then trimmed by removing alignment columns with 50% gap or more in python, and alignment
blocks that did not have homology across all protein classes were removed.

A substitution model for the phylogenetic analysis was selected using ModelFinder from IQ-Tree2,%? resulting in the Q.pfam+1+G4
substitution model being the best using the Bayesian Information Criterion. Phylogenetic tree reconstruction was then performed
using IQ-Tree2°° with the following options: “~safe” flag to avoid underflow, “~ninit 1000 —ntop 100 —nbest 50 -nstop 500" tree search
parameters to search hard likelihood landscapes, and 5000 ultrafast bootstraps. Five independent tree inferences were performed,
and the tree with the best likelihood was selected as the final tree for subsequent evolutionary analyses. The root of this tree was
selected as the divergent group of AbiF proteins with smaller protein lengths.

Protein sequence lengths were determined based on the original input sequences without any filtering or processing. CRISPR as-
sociation was determined using the combination of 6 CRISPR finder tools as described previously,?® and CRISPRs within 3 kb of the
coding sequence were considered associated. For AbiF, CRISPR associations were aggregated by cluster, calculating the fraction of
CRISPR-associated 70% non-redundant loci in the cluster. For AbiFr ncRNA associations, 35 sets of profiles were considered: the
Rfam AbiFr ncRNA profile (which we refer to as AbiFr to avoid ambiguity), the PbAbiF seeded custom profile (AbiF5_iter3.CM), the set
of 29 ncRNA branched profiles from custom searching (diverse_rna_xinsi.CM), F13a1 ncRNA (F13a1.CM), and Cas13e DR
(Cas13e_DR_rc.CM), each using an e-value threshold of 1e-4 when compared against loci using cmsearch. For cmsearch based
searches, the region between S+100 and E-100 was deleted, where S,E correspond to the coding sequence start and end sites.
A maximum distance threshold of 500 bp was used for all cmsearch-based searches except for the Cas13e DR, for which the search
window was 3000bp.

Generation of PbAbiFr ncRNA profile

The conserved ncRNA region upstream from PbAbiF was extracted and used to create a covariance model and consensus second-
ary structure as follows: starting from the initial seed sequence, its secondary structure was predicted using UFold®® (with lone pairs
removed), which was then used as an initial secondary structure for creating a covariance model with cmbuild.?” The covariance
model was calibrated and then searched against all 70% non-redundant loci from the Cas13 ancestor search using an expect value
of 1e-1 and an inclusion expect value of 1e-1. The resulting matching sequences were then retrieved from the original loci and
extended by 30 bp upstream and downstream. The sequences were then aligned using the secondary structure-aware MAFFT-
xinsi.?® The resulting alignment was then assigned a consensus secondary structure using cacofold from R-scape with the —cacofold
flag and an expect value of 1e-1. The resulting alignment and consensus secondary structure prediction was then used to create a
covariance model with cmbuild (AbiF5_iter1.CM). The covariance model was calibrated and then searched against all 70% non-
redundant loci from the Cas13 ancestor search using an expect value of 1e-1 and an inclusion expect value of 1e-1. The resulting
matching sequences were then retrieved from the original loci and extended by 30 bp upstream and downstream. The sequences
were then aligned using MAFFT-linsi due to the large number of sequences. The resulting alignment was then assigned a consensus
secondary structure using cacofold from R-scape using the —cacofold flag, an expect value of 1e-3, and the —Rfam flag to remove
extraneous pair predictions. The resulting alignment and consensus secondary structure prediction was then used to create a covari-
ance model with cmbuild (AbiF5_iter2.CM). The process was repeated again to arrive at the third iteration resulting in a covariance
model (AbiF5_iter3.CM). This alignment, covariance model, and predicted consensus secondary structure via cacofold was used as
the PbAbiF covariance model and consensus secondary structure.

Generation of diverse AbiFr ncRNA profiles

From the HEPN1+2 sequence tree, AbiF branches with moderate branch support were selected, forming 30 mutually exclusive
groups that covered most of the tree. For each clade, all CDS from the 70% non-redundant proteins from that clade were collected
and their upstream regions were curated (the region between 250 bp upstream from the start site to 50 bp downstream from the start
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site), and similarly their downstream regions (the region between 50 bp upstream from the stop site to 250 bp downstream from the
stop site). These regions were then aligned via MAFFT-einsi. All alignments were then manually inspected for signs of conservation
outside the coding regions, and alignments without substantial conservation outside coding regions were discarded. The passing
alignments were then trimmed to their conserved regions, excluding the coding sequence regions, and then realigned with
MAFFT-ginsi. The resulting new alignments were then inspected for conserved blocks. For alignments without strong conservation
following MAFFT-ginsi, a tree was built, and major branches were extracted to identify if a subpopulation of the non-coding region
had strong conservation. If subpopulations with conservation were identified, they were split into a separate alignment group for
downstream processing. All resulting alignments were then aligned using MAFFT-xinsi, producing secondary structure aware align-
ments. Sequences with poor alignment to the consensus sequence of the alignment were removed to reduce noise from unrelated
sequences. Sequences were then further trimmed to remove long non-conserved 5’ and 3’ ends. Consensus secondary structures
were then identified using R-scape with the —cacofold flag, an expect threshold of 1e-1, and the —-Rfam flag. The consensus structure
predicted by R-scape with cacofold was then used along with the sequence alignment to create a covariance model using cmbuild
and cmcalibrate. All covariance models were then concatenated into a single file diverse_rna_xinsi.CM.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was performed using GraphPad Prism 9.5 (GraphPad Software) by student t test. p values of less than 0.05 were
considered significant.
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Figure S1. Comparisons of AlphaFold predictions of the Cas13/AbiF HEPN group, related to Figure 1

(A) Cartoon diagrams of the protein components of AbiF (dimer, as predicted by AF3), c13c1 (as predicted by AF3, not showing ncRNA), F13a2 (as predicted by
AF2, due to not having known associated ncRNAs), and F13a1 (as predicted by AF3, not showing ncRNAs). Some regions are shown as translucent for clarity.
(B) APBS electrostatic surface calculation of the protein surface of proteins from (A). Units shown are electrostatic potential (kg T e where kg is the Boltzmann
constant, T is temperature in Kelvin, and e, is the unit of electron charge).
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Figure S2. Comparison of HEPN domain structures, related to Figures 1 and 6

Comparison of predicted and solved HEPN domain structures of select Cas13-like HEPN domains and other HEPN domains most related to Cas13, as
determined by structural and sequence similarity. HEPN domain names are shown in bold above each structure. HEPN configuration type (either canonical or
circularly permuted) is shown below each HEPN domain label. Helices are labeled H1-H4 (corresponding to helix 1 through helix 4) according to the order the
helices appear in the corresponding protein from the N terminus to the C terminus and are color coded in shades of blue/purple. Active site residues are shown.
Conserved glutamic acid (or corresponding rearrangements/replacements) are also shown with a 1 letter amino acid label. Bottom right: schematic of the
mapping between the canonical helix ordering and the circularly permuted helix ordering found in AbiF-like HEPNs, Swt1, F13a1, and Cas13s.

Solved structures used in this figure: Cas13a (PDB: 5XWP), Cas13b-t (PDB: 7VTI), Swt1 (PDB: 4PQZ), MItR (PDB: 3BRJ), HEPN-T (PDB:3010), Csm6 (8JBB), and
Csx1 (6RIR). Other structures shown are AlphaFold2 predictions, except for Cas13e (c13c1) and F13a1, which are from AF3 RNP predictions with their cor-
responding RNAs.
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sequence-based phylogenetic tree of dual HEPNs
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Figure S3. Extended phylogenetic analyses of Cas13-like HEPN domains, related to Figures 1, 2, 5, and 7

1Q-Tree2 (best of 5) phylogenetic tree of dual HEPNs with Cas13a-d, c13c1 (Cas13e), F13a1, F13a2, and AbiF with an expanded panel of abiFr ncRNA models.
The tree was made using the Q.pfam+l+G4 substitution model as identified by ModelFinder. ncRNA presence was assessed using cmsearch with an E-value
threshold of 1e—4 for the following model sets: (1) the Rfam abiF motif RNA model (abiFr Rfam), (2) the custom PbAbiF-like ncRNA model (abiFr Pb), (3) the
union of the diverse ncRNA profiles generated in this study (abiFr all diverse models), (4) individual ncRNA models 1,...29 generated in this study with their
corresponding names (abiFr each diverse model), (5) F13a1 b13-like ncRNA model, and finally (6) c13c1 (Cas13e) DR model. Additionally shown are CRISPR
associations, and protein lengths. For AbiF, F13a1 ncRNA, c13c1 (Cas13e) DR, and CRISPR associations, associations are tabulated as a fraction of the
cluster. Displayed protein lengths are average values across each cluster. For Cas13, and F13a1/2, individual loci (singleton clusters) are used, whereas for AbiF
proteins, 30% sequence identity clusters are used. For all abiFr ncRNAs, vicinity is defined to be within 500 bp beyond the protein start and end site and not more
than 100 bp inside the protein-coding sequence. For the c13c1 (Cas13e) DR model, vicinity is defined to be within 3,000 bp beyond the protein start and end site
and not more than 100 bp inside the protein-coding sequence. For CRISPR, vicinity is defined to be within 3,000 bp of the protein-coding sequence.
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Figure S4. Extended sRNA-seq data and growth assays of PdAbiF, EcAbiF, and PbADbiF, related to Figures 4 and 5

(A) Left: brightfield image of P. donghaensis, scale bar is 10 um. Right: RNA sequencing reads from P. donghaensis aligned to the abiF locus.

(B) Schematic representation of the E. coli expression vectors for ECAbiF and its ncRNA.

(C) Growth assays of ECAbiF induction, with and without EcAbiFr ncRNA. Dashed line marks the induction time for the growth assay.

(D) Spotting assay of the EcAbiF alone or EcAbiF and EcAbiFr ncRNA with and without induction.

(E) Spotting assay of the catalytically inactive PbAbiF form with or without induction.

(F) Spotting assay of the PbAbiF with or without the pre-induction of its ncRNA. Bacteria were grown in a liquid culture with and without arabinose and were then
plated on a plate with the relevant induction.

(G) Plasmid addiction assay. Bacteria transformed with either ECAbiF and its ncRNA or mCherry plasmids harboring the ampicillin resistance gene were grown
overnight in liquid culture containing both Amp and IPTG, and then one aliquot was plated on an Amp plate. The bacteria were then diluted into a liquid culture
containing only IPTG grown overnight and plated on an Amp plate and a second aliquot was diluted into a liquid culture containing only IPTG was repeated for
10 days. Right: CFU counts from Amp plates over time.

(H) RNA sequencing reads from EcAbiF RNP pull-down aligned to the EcAbiF locus.

() RNA sequencing reads from dead EcAbiF (R213A, H218A) RNP pull-down aligned to the EcAbiF locus.
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Figure S5. Extended PbAbiF and EcAbiF RNaseAlert reporter assay, PbAbiF endonuclease activity, and inhibition by phage’s hairpin, related
to Figure 5

(A) Time course assay of AbiFr ncRNA processing by the PbAbiF protein. PbAbiF was incubated with ssRNA composed of the AbiFr ncRNA and 25 random
nucleotides upstream and downstream of the ncRNA sequence. Aliquots were taken at specified time points and the RNA was visualized using a SYBR stain.
(B) PbADbiF activity assay using the RNaseAlert reporter system, wherein reporter RNA was incubated with PbADbiF in different buffers at 37°C.

(C) Same as (B) except at 42°C.

(D) EcAbiF RNA activity assay using the RNaseAlert reporter system. The reporter RNA was incubated with either ECAbiF and different ssRNA sequences or
EcAbiF-EcAbiFr RNPs. *p < 0.05, *p < 0.0,1 ***p < 0.001 (two-tailed Student’s t test, n = 3).

(E) EMSA assay binding curves of bound RNA fraction as a function of PbAbiF protein concentration for either PbAbiFr ncRNA or random RNA. Binding curves
parameters were estimated using least squares for the Hill equation, resulting in Kp and Hill coefficient (n) estimates with estimate errors derived as 95%
confidence intervals assuming normally distributed parameter errors.

(F) PbAbiF RNase activity using the RNaseAlert reporter system. PbAbiF was incubated with the reporter RNA and the SK1 or 712 hairpin. *p < 0.05, **p < 0.01
(two-tailed Student’s t test, n = 3).
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Figure S6. Extended cryo-EM data, related to Figure 6

(A) Left: example cryo-EM micrograph of the purified R2Bm TPRT complex. Right: 2D class averages of the PbAbiF RNP and a flowchart outlining how cryo-EM
data were processed.

(B) Gold-standard Fourier Shell Correlation curve for the final reconstruction.

(C) Map-to-model Fourier Shell Correlation as calculated in PHENIX, softly masking the map around the fitted model.

(D) Orientation distribution plot for the final reconstruction.

(E) Example cryo-EM densities for different parts of the structure.

(F) Left: PbAbiF cryo-EM density that may be accounted for by a nucleotide (AMP is modeled as an example). Right: Apo PbAbiF RNaseAlert reporter assay in the
presence of nucleotides, nucleosides, and cyclic nucleotides in a 10:1 ratio (protein:nucleotide). *p < 0.05, **p < 0.01 (two tailed Student’s t test, n = 3).
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Figure S7. Diverse associations with AbiF-like systems

(A) Prokaryotic genomic loci depicting AbiF-like genes in diverse contexts.

(B) AlphaFold2 structure prediction of the AbiF-FIgT system in a 2:2 molar ratio.

(C) AlphaFold2 structure prediction of the AbiF-CBASS system in a 2:2 molar ratio.

Overall, the figure shows the additionally identified diverse AbiF systems. We found associations with various defense systems, such as restriction modification
systems and bacteriophage exclusion (BREX). In these cases, AbiF could safeguard the expression and genomic maintenance of the associated defense
systems, as shown for other TA modules® (A). We also found phage integrase AbiF systems, which often contain a flagellar figT-like gene, essential for flagellar
motility.'°° AlphaFold2 multimer prediction suggests FIgT-like protein interacts with AbiF, suggesting AbiF may have been co-opted for an alternative function (B).
We also identified groups of large AbiF genes, one of which does not appear to have an associated ncRNA and is fused to GCN1, a ribosome-interacting
protein.'®" Another system encodes an AbiF fusion to a DACNG domain and a DisA-like di-adenylate cyclase which is known to produce signaling c-di-AMP
molecules involved in DNA damage response.'®? In another AbiF group, the ncRNA antitoxin appears to be replaced by a trypsin-like protease which may serve
as a protein antitoxin by degrading the AbiF protein. We also found an AbiF associated with a CBASS-like secondary messenger-producing NTase. In this case,
AlphaFold2 structure prediction indicates they form a complex where the NTase is predicted to bind to AbiF in a similar location to where the ncRNA antitoxin
binds to PbAbiF (C). A structural alignment of the CBASS protein with PDB 7LJN shows that the AbiF subdomain of AbiF and the NTase are predicted to be in
close proximity. Beyond AbiF, we found various STAND and NACHT ATPases fused to or associated with RxxxxH motif HEPN domains (Figure 1), which may be
RNases allosterically triggered by invading pathogens. ' There was also a tyrosine recombinase family that includes a HEPN-containing protein and a PD(D/E)xK
nuclease, suggesting a potentially unique mechanism of transposition. Lastly, there were groups containing two HEPNs in the pEK499_p136 family, similar in
domain architecture to F13a1/2 suggesting HEPN duplication may have occurred independently in different evolutionary lineages.
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