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Abstract

Cas10 proteins are large subunits of type Ill CRISPR RNA (crRNA)-guided surveillance complexes, many of which
have nuclease and cyclase activities. Here, we use computational and phylogenetic methods to identify and an-
alyze 2014 Cas10 sequences from genomic and metagenomic databases. Cas10 proteins cluster into five distinct
clades that mirror previously established CRISPR-Cas subtypes. Most Cas10 proteins (85.0%) have conserved poly-
merase active-site motifs, while HD-nuclease domains are less well conserved (36.0%). We identify Cas10 variants
that are split over multiple genes or genetically fused to nucleases activated by cyclic nucleotides (i.e., NucC) or
components of toxin—antitoxin systems (i.e., AbiEii). To clarify the functional diversification of Cas10 proteins, we
cloned, expressed, and purified five representatives from three phylogenetically distinct clades. None of the
Cas10s are functional cyclases in isolation, and activity assays performed with polymerase domain active site mu-
tants indicate that previously reported Cas10 DNA-polymerase activity may be a result of contamination. Collec-
tively, this work helps clarify the phylogenetic and functional diversity of Cas10 proteins in type Ill CRISPR systems.

Introduction

Type III CRISPR-Cas systems are classified into six phy-
logenetically distinct subtypes (i.e., A-F), most of which
rely on four to six Cas proteins that assemble around a
processed CRISPR RNA (crRNA) to form a large multi-
subunit surveillance complex.'™ The protein subunits of
these crRNA-guided surveillance complexes are called
Csm (subtypes III-A and III-D), Cmr (subtypes III-B
and III-C), or gRAMP (i.e., Cas7-11)—due to historical
naming conventions.

Cas10 proteins (i.e., Csm1 or Cmr2) are considered sig-
nature proteins of type III CRISPR systems, although the re-
cently described type III-E systems do not contain Cas10
proteins.1 Beyond the type III systems, Cas10 proteins are
part of the type I-D CRISPR surveillance complexes, al-
though these homologs (i.e., Cas10d) do not produce cyclic
oligoadenylates (cOAs), and are thought to be an evolution-
ary intermediate between the large subunits of type III sys-
tems (i.e., Cas10) and type I systems (i.e., Cas8).!>-10

Type III Cas10 proteins are comprised of an N-terminal
HD nuclease domain, two Palm domains that are separated
by a zinc-finger motif (ZF), and a C-terminal domain (CT)
that anchors Cas10 to other subunits in the respective Csm

or Cmr complex (Fig. 1A).>*%!'12 Single-stranded
DNase activity has been reported for the HD domains of
some Cas10 proteins, which is thought to promote nicking
of ssDNA formed during transcription.lz”15

While the HD-mediated ssDNA nicking activity of
Cas10 promotes mutagenesis and accelerates the evolu-
tion of antibiotic resistance in Staphylococci, HD nucle-
ase activity is dispensable for immunity in some type
IIT systems.'®!” Indeed, numerous Casl0 proteins lack
an N-terminal HD domain, although the abundance and
phylogenetic distribution of these truncated proteins
have not been systematically evaluated.'”

In 2017, two groups independently showed that target
RNA recognition by the Csm/Cmr complex activates
Casl0 cyclase activity, which polymerizes ATP into
cOA."®! Several groups have recently taken advantage
of these cOA products, reprogramming type III surveil-
lance complexes for detection of specific RNA sequences
in vitro.>*~** Cas10-mediated cyclization of ATP relies on
a di-glycine di-aspartate (GGDD) motif that is associated
with one of the two Palm domains (i.e., Palm2).3’18’19’25’26

In addition to generating cOAs, which are secondary
messengers that activate collateral nucleases and other
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FIG. 1. Cas10 proteins have variable domain compositions, with subtype-specific patterns. (A) Cas10, shown in
blue in upper left inset, is the large subunit of type Ill surveillance complexes (PDB: 6010). The structure of Cas10
from Thermococcus onnurineus NA1 (i.e., TonCas10) reveals five domains that are present in most structurally
determined Cas10 proteins (PDB: 4UW2). HD and Palm2 active-site residues are mapped in yellow and red,
respectively. (B) Phylogenetic reconstruction of 2014 Cas10 sequences recapitulates the recently updated type llI
subtype classifications.' Support values of critical nodes are highlighted in gray boxes, and scale bar indicates
amino acid substitutions per site. (C) Pie charts depicting Cas10 sequences within each clade, where each section
represents the number of sequences that are missing the HD (gray), contain mutated active-site residues (brown) or
contain conserved HD-active-site residues (salmon). Active-site motif conservation of HD nuclease and Palm2
cyclase is shown for each Cas10 subtype on the right. Active-site residues were identified in one representative for
each CRISPR subtype, which are shown in Supplementary Figure S1, and motif conservation within each Cas10
clade is quantified in Table S1. CT, carboxy-terminal domain; HD, histidine-aspartate nuclease domain; ZF, zinc-

finger domain.

immune effectors, some Cas10 proteins may have DNA-
dependent DNA-polymerase (DdDp) activity.'>*’” Degen-
eration of GGDD motifs has been reported for some type
IT-associated Cas10 proteins (i.e., some III-C and III-F),
but like HD motifs, it remains unclear how widespread
GGDD motifs are in Casl10 proteins.">®

Here, we evaluate the phylogenetic diversity of Cas10
proteins and test the functional diversity of a subset of
these proteins. We identify 2014 Cas10 sequences in ge-
nomic and metagenomic databases, and show that Cas10
sequences form two main lineages, one that includes
Casl0 proteins that form the III-A and III-B clades,
while the other includes Casl0 proteins that form the
III-C, 1I-D, and III-F clades. Although Casl0 proteins
from the same CRISPR subtype form monophyletic
clades, some clades have greater diversity in the domains
responsible for catalytic activities.

HD nuclease active-site motifs are most strongly con-
served in Casl0 proteins from III-A and -F systems,

whereas Palm2 GGDD motifs are only strongly con-
served in Cas10 proteins from III-A, -B, and -D loci. Fur-
ther, Cas10 domain composition is more diverse than
previously reported. We find that Casl0 subunits are
sometimes split across multiple genes or fused to innate
immune effectors (e.g., nucleases activated by cyclic nu-
cleotides [NucC] from cyclic oligonucleotide-based anti-
phage signaling systems [CBASS]) and toxin—antitoxin
systems (e.g., AbiEii from AbiE).

To evaluate the functional diversity of Cas10 proteins,
we clone and purify five representatives from three clades
(i.e., IlI-A, -B, and -D) and perform activity assays. None
of the isolated Cas10 proteins are functional cyclases,'®
but isolated Casl0 proteins have been previously
reported to have DdDp activity.”” We repeat the primer
extension assays and detected weak, but reproducible
DdDp activity for each of the purified proteins. However,
mutations to Cas10 GGDD motifs do not abolish poly-
merase activity,27 demonstrating that the polymerase
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activity is not dependent on the Casl0 Palm2 domain,
suggesting that this activity is from low-level contamina-
tion of a copurifying polymerase.

Methods

Identification of Cas10 proteins

Prodigal was used to translate all open-reading frames
(ORFs) in 58,864 genomes downloaded from the
National Center for Biotechnology Information (NCBI)
database, 9687 genomes from the Joint Genomics Insti-
tute (JGI), and 21,210,363 metagenomic scaffolds from
samples isolated from hot springs in Yellowstone
National Park or enrichment cultures from a salt
marsh.?*! Profile hidden Markov models (HMMs) of
Casl0 from CasFinder were used to query the database
of predicted ORFs.*?

To identify III-F Cas10 proteins, we queried the data-
base with an additional profile HMM that was con-
structed from 11 III-F Casl10 sequences identified by
Makarova et al.! HMM queries were conducted in
HMMER with an E-value cutoff of 0.01.>* Search re-
sults were further filtered in R to exclude matches that
did not meet a sequence E-value threshold of le-05.
This search resulted in the identification of 5277
Cas10-like sequences. Redundant sequences were fil-
tered using CD-HIT, resulting in a set of 3859 unique
Cas10-like proteins.**

Phylogenetic and domain composition analysis

Three thousand eight hundred fifty-nine unique Casl0-
like sequences were aligned in MAFFT using the
“auto” setting.”> This multiple sequence alignment
(MSA) revealed numerous Casl0-like sequences that
were truncated by the ends of incomplete metagenomic
scaffolds. Sequences <500 residues in length were re-
moved. This threshold was chosen to keep CaslO se-
quences without an HD domain and was based on the
sizes of structurally determined CaslOs (i.e., CaslO
lengths =758 to 871 amino acids; lengths without HD do-
mains =519 to 669 amino acids).*''?%¥ Size filtering
resulted in a set of 2014 Casl0 protein sequences
(amino acid sequences and accession numbers in Supple-
mentary Data S1).

This dataset was then separated into individual
FASTA files for each type III subtype, based on which
HMM had initially produced the best result, and Cas10
sequences within each subset were aligned in MAFFT
using the LINSI setting. The resulting Casl0 MSAs
were merged in MAFFT, and this MSA was used to
construct a phylogenetic tree in FastTree with -wag and
-gamma model settings.’® The phylogenetic tree was
rooted with the midpoint.root() function in R using the

phytools package,*® and the resulting tree was visualized
using the ggTree package from BioConductor.*’

To determine if ancillary domains were present in
Cas10-like sequences, we used the PFAM database and
profile HMMs of Cas proteins extracted from the Cas-
Finder program to annotate each CaslO-like se-
quence.’>*' Results were manually analyzed, and only
novel Cas10 gene fusions with E-values less than le-10
were reported.

Analysis of HD and Palm2 catalytic motifs
To assess the HD nuclease and Palm?2 cyclase active sites
of Casl0 proteins, we selected one representative from
each CRISPR-Cas subtype (Supplementary Fig. S1 and
Supplementary Data S1). Experimentally determined
structures of III-A and III-B Cas10 representatives were
available from the PDB (6KCO, 4W8Y; respectively),
and representative III-C, ITI-D, and III-F Cas10 structures
were predicted using an Alphafold Collab server or a
local version of the program from DeepMind Technolo-
gies (v2.2.0).4

These structural models were used to guide analyses of
each subtype-specific Cas10 MSA, and columns corre-
sponding to active-site residues were extracted from
each MSA using the BioStrings package in R.** A local
version of the WebLogo application was used to plot
the conservation of HD and Palm2 active-site motifs
for each Casl0-associated CRISPR subtype (Fig. 1C),**
and ChimeraX was used to visualize each protein.45

Cas10 cloning and site-directed mutation

of active-site residues in Palm2 domains

Five Casl0 homologs (TonCsml: WP_012571853.1,
SthCsm1: WP_014621547.1, TthCsm1: WP_011229152.1,
SsoCsml: WP_231918241.1, and PfuCmr2: WP_
011012269.1) were cloned into pRSFDuet-1 expression
vectors. Cas10 genes were codon optimized for expression
in Escherichia Coli, and include N-terminal 6x-histidine,
2x-strep-affinity, and SUMO solubilization tags.

Using the same approach, an additional vector was also
constructed containing TonCsm1 (with an N-terminal six
histidine tag) and TonCsm4, as previously described by
Jia et al.’ To test how mutations to GGDD motifs in
Palm2 domains impact Cas10 polymerase activity, Q5
mutagenesis was used to mutate the two aspartate resi-
dues in these motifs to alanine residues (i.e., GGAA)
(primers in Supplementary Table S2).

Cas10 protein purification

Protein expression was induced in 1-L cultures of E. coli
BL21-DES3 cells when they reached an ODg, reading of
0.4-0.5 through the addition of 0.2mM IPTG. Protein
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expression continued overnight at 16°C before cells were
collected through centrifugation at 3000 g (10min at
4°C). Cells were lysed in 20mM Tris-HCI, pH 7.5,
500 mM KCl, 10% glycerol, and 1 mM DTT through son-
ication, centrifuged at 10,000 g (25 min at 4°C), and sol-
uble fractions of each protein were bound to Streptactin
resin (IBA Lifesciences).

Contaminants were removed with 5 column volumes
(CVs) of Wash Buffer 1 (20mM Tris-HCI, pH 8.0,
500mM KCl, 10% glycerol, 1 mM DTT), 20 CV Wash
Buffer 2 (Wash Buffer 1 with 5SmM ATP and 20 mM
MgCl,), and 5 CV Wash Buffer 2 without the ATP and
MgCl, before the bound proteins were eluted in 20 mM
Tris-HCI, pH 7.5, 250 mM NaCl, 5% glycerol, 1 mM
TCEP, 2.5mM desthiobiotin. Proteins were concen-
trated (10k MWCO concentrator) before size exclusion
chromatography.

SEC was performed using a Superdex 200 column
equilibrated in 20mM Tris-HCI, pH 7.5, 200mM KClI,
10% glycerol, and 1 mM DTT (SEC profiles in Supple-
mentary Fig. S4). This protocol yielded high-quality
purifications of all five wildtype CaslO proteins,
TonCas10-Csm4, and four of the Palm2 Cas10 mutants,
but we were unable to purify a Palm2 (GGAA) mutant
for SsoCas10 (i.e., SsoCas10,,,,) in quantities sufficient
for subsequent biochemical activity assays.

Cas10 cyclase activity assays

To assess the cyclase (i.e., cOA-synthase) activities of
five Casl0 proteins, we assembled reactions comprised
of 1uM Casl0, 25uM rATP, 0.08 uM > P-a-rATP,
and a reaction buffer (20 mM Tris-HCI pH 7.8, 250 mM
monopotassium-glutamate, 10mM ammonium sulfate,
5mM magnesium sulfate, 1 mM TCEP). Reactions
were incubated at either 37°C (SthCsml) or 60°C
(TthCsm1, SsoCsml, TonCsml, PfuCmr2) for 1h. The
TthCsm and Csm from Streptococcus thermophilus
(SthCsm) complexes with crRNAs targeting the N gene
of SARS-CoV-2 served as positive controls.”!

TthCsm and SthCsm reactions were prepared as
described above, with the addition of 10'? copies of
in vitro-transcribed target RNA containing a 76-nucleotide
fragment of the SARS-CoV-2N gene sequence (GGG
AACUGAUUACAAACAUUGGCCGCAAAUUGCAC
AAUUUGCCCCCAGCGCUUCAGCGUUCUUCGG
AAUGUCGCGC; TthCsm target in bold, SthCsm target
underlined). Nucleic acid products were phenol-
chloroform extracted from each reaction and were diluted
2:1 with 100 mM sodium acetate at pH 5.2. One microli-
ter of extracted nucleic acids was spotted ~ 1.5 cm above
the bottom edge of a TLC (thin-layer chromatography)
Silica gel plate (Sigma-Aldrich).

WIEGAND ET AL.

The TLC plate was placed in a 2 L beaker filled with a
small volume of mobile phase (0.2 M ammonium bicar-
bonate pH 9.3, 70% ethanol and 30% water), the beaker
covered with aluminum foil, and the mobile phase
allowed to wick up the TLC plate for 2 h at room temper-
ature. The TLC plate was then dried and exposed to a
phosphor screen, which was imaged with a Typhoon 5
phosphorimager (GE Healthcare).

Cyclase activity was also assessed using a previously
described calcein-based fluorescence assay.>' Cas10 pro-
teins were incubated in a calcein-containing buffer
(20mM Tris-HCI pH 8.8, 100 mM KCl, 10 mM ammo-
nium sulfate, 6 mM magnesium sulfate, 0.5 mM MnCl,,
1 mM TCEP, 25 uM calcein) with 1 mM dNTP, rNTP,
or rATP alone. Reactions were held at 4°C for 150s in
a QuantStudio RT-qPCR thermocycler (ThermoFisher),
before being heated to 37°C and held at this temperature
for 1h. Fluorescence was measured every 10s using a
FAM-detection setting. Fluorescence data were quanti-
fied and analyzed in R.

Cas10 polymerase activity assays
To evaluate the DdDp activity of 5 wild-type Cas10 and 4
Palm2 Casl0 mutant (i.e., GGAA) proteins, we first
annealed a 20-nucleotide-long 5’-**P-labeled DNA pri-
mer (5-ACTGCTAATAACGAGCGTTG-3") to a 40-
nucleotide DNA template (5-TATCATTGGCTCCTTC
AATCCAACGCTCGTTATTAGCAGT-3’) at a ratio of
1:3 (primer:template). Reactions consisting of 1uM
Cas10, 1 nM DNA-primer DNA-template, and a reaction
buffer (20 mM Tris-HCI pH=7.0, 100 mM NaCl, 2.5 mM
MgCl,, 10% (v/v) glycerol, 2mM DTT, 250 uM dNTP,
0.05 mg/mL BSA) were incubated at 37°C for 1 h.

The reaction was stopped by adding one volume of
2 xRNA loading buffer (95% formamide, 0.02% SDS,
0.02% bromophenol blue, ] mM EDTA). Samples were
heat denatured for 5min at 95°C, and then cooled on
ice before separation using a 19% PAGE gel containing
7M urea in 1X TBE. Gels were exposed to a phosphor
screen overnight at —20°C, before the screen was imaged
on a Typhoon 5 scanner.

Results

Phylogenetic diversity and proposed evolutionary
history of Cas10 proteins

To evaluate the phylogenetic diversity of Cas10 proteins,
we used profile HMMs to identify Casl0 sequences in
68,551 genomes from the NCBI and the JGI databases.
In addition, we queried 21,210,363 metagenome-scaf-
folds from hot spring sediment and microbial samples
from Yellowstone National Park and salt marsh sedi-
ment enrichments.**>!
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Collectively, these queries identified 2014 unique
Cas10 sequences, which were aligned and used to con-
struct a phylogenetic tree (Fig. 1B). This analysis reveals
five phylogenetically distinct clades that recapitulate the
previously established CRISPR-Cas subtype designa-
tions."> Cas10 sequences from type I11-A and III-B sys-
tems form two clades on one arm of a bifurcated tree,
while Cas10s associated with III-C, III-F, and III-D
systems form clades on the other arm. While little is
known about the antiviral roles of type III-C and III-
F systems, the shared ancestry of their Cas10 proteins
suggests that these systems may have mechanistic
similarities.

Differences in Cas10 HD and Palm active sites

The majority of type III Casl0 proteins that have been
biochemically or biologically investigated to date con-
tain an HD nuclease and catalytically active Palm2
domains.> 6111846 T agsess the prevalence of these
features, we evaluated HD and Palm active sites in
MSAs of CaslO proteins from each type III subtype
(Fig. 1C and Supplementary Fig. S1).

This analysis revealed that 58.6% of Cas10 proteins
contain an N-terminal HD domain, and that HD active-
site motifs are strongly conserved in I1I-A (HDHHDH
motif) and III-F (HDHHDH motif) Casl0 proteins
(Fig. 1C and Supplementary Table S1). Type III-B, -
C, and -D Casl0 proteins have weaker conservation
in their HD active sites (HDHDH, HDHHD, and
HHDHHD motifs, respectively) or lack an N-terminal
HD domain altogether, suggesting that many Casl0
proteins from these clades lack HD nuclease activ-
ity. The predicted loss of HD nuclease activity in
III-D CaslOs supports previous bioinformatic
observations.*’

A di-glycine, di-aspartate (i.e., GGDD) motif is nec-
essary for cOA synthesis in Casl0 Palm2 domains
(Supplementary Fig. S1).>'846 Evaluation of subtype-
specific alignments of Casl0 sequences revealed
strong conservation of GGDD motifs in Cas10s from
III-A, III-B, and II-D (Fig. 1C and Supplementary
Table S1), supporting reports that cOA signaling is im-
portant for immunity in these type III systems. Cas10s
from III-C and III-F systems lack this conserved
GGDD motif, in agreement with previous reports that
III-F loci lack cOA-activated (e.g., CARF) effectors
(Fig. 1C).1:5:9:2847

We hypothesized that some of these sequences have a
GGDD motif in Palm1 to compensate for their catalyti-
cally inactive Palm2 domains, but alignments of these se-
quences do not reveal a compensatory GGDD motif in
Palm1. Interestingly, III-C and III-F Cas10s share a com-

mon ancestor (Fig. 1B), suggesting that cOA signaling
was lost before the split and diversification of these
CRISPR system subtypes.

Cas10 fusions and split Cas10s

To determine if Cas10 proteins contain any additional do-
mains, we queried the Cas10 sequence library using pro-
file HMMs of known Cas proteins and the PFAM
database.*>*! This analysis revealed genetic fusions of
Cas10 to NucC, a widespread cAs-activated effector of
type III CRISPR and CBASS.*® Four sequences were
identified in Bacillus genomes with a ~300 residue
NucC domain fused to the N-terminus of a type III-D
Cas10 (i.e., NucC-Cas10) protein that lacks an HD do-
main (Fig. 2A and Supplementary Data S1). In each
case, these NucC-Cas10 fusions are flanked by a stand-
alone nucC gene.

While it is unclear if NucC-Casl0 and standalone
NucC proteins in these systems interact, the NucC pro-
teins from E. coli and Pseudomonas aeruginosa assemble
into functional homotrimeric nucleases that are activated
by cA3.*® Structural predictions indicate that NucC-
Cas10 could substitute for one NucC subunit in higher
order assemblies (Supplementary Fig. S2), suggesting
that these systems physically link the cOA-generator
(Casl0) to the cOA-activated effector (NucC), which
may accelerate the chemistry necessary for immune
defense.

In addition to NucC-Cas10 fusions, we found eight ex-
amples of a type IV toxin from a toxin—antitoxin system
(i.e., AbiEii) fused to the N-terminus of Cas10 (Fig. 2B
and Supplementary Fig. S3). AbiEii proteins are nucleo-
tidyltransferases that bind specific nucleotides (e.g., GTP
in Streptococcus agalactiae).**>° The genetic association
of abiEii genes with type III CRISPRs has been previ-
ously reported,*>' but its fusion to cas/O has not.
AbiEii-Cas10 fusions are encoded in cas gene operons,
where they are flanked by their cognate antitoxins (i.e.,
abiEi) (Fig. 2B).

AbiEii-mediated toxicity is thought to occur through
polymerization of nucleotides to acceptor stems of
uncharged tRNAs,’>3% and genetic fusion of this pro-
tein to Casl0 implies that this toxin may have been
co-opted for an immune response that inhibits protein
synthesis.

Initial efforts to produce a phylogenetic reconstruc-
tion of Cas10 proteins resulted in trees with long branch
lengths and poor support values. Upon closer inspec-
tion, we noticed that many of these long branches cor-
responded to truncated Cas10 sequences. While many
of these truncations result from incomplete met-
agenomic scaffolds, cas/O in the III-A system of
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FIG. 2. Some Cas10 proteins are fused to additional domains or split over multiple genes. (A) Schematic of a
CRISPR-Cas locus (JGI genome: 2654587738; JGI locus tag: Ga0100770_105251) illustrating an example of NucC
fused to N-terminus of Cas10. (B) Schematic representation of CRISPR-Cas loci (NCBI genome: NC_022792.1; NCBI
gene: WP_028843985.1) encoding a genetic fusion linking AbiEii to N-terminus of Cas10. (C) Cas10 from
Thermosulfurimonas marina is split over three genes, with Cas10 domains defining the boundaries of each gene. An
IS256 transposase (“Trans.”) interrupts the first two partial Cas10 genes. AlphaFold predictions for each of the
separate domains are shown as ribbons, and a multimeric structural prediction of all three proteins is shown as a
surface representation (NCBI genome: NZ_CP042909.1). (D) Cas10 is sometimes split over multiple genes in type llI-
A, llI-B, and llI-D systems. Genomic accessions of each sequence and coverage of their domains are shown, with
proximal CRISPR loci indicated to the right (repeats shown as black diamonds and white squares are spacers). Black
triangles represent transposases of insertion elements. JGI, Joint Genomics Institute; NCBI, National Center for
Biotechnology Information; NucC, nucleases activated by cyclic nucleotides.

Thermosulfurimonas marina (strain SU872) is split into
three genes (Fig. 2C). Comparison of these three cas/0 se-
quences with structurally determined Cas10 proteins indi-
cates that each II-A T. marina gene starts and ends near
the boundary of an expected Cas10 domain. One gene con-
tains an HD domain, another Palm1, and the third contains
the Palm2 and C-terminal domains (Fig. 2C).

When these three protein sequences were submitted to
AlphaFold for structural prediction using a multimer
modeling option, the three partial Cas10 proteins assem-
bled to form a heterotrimer that superimposes on Ton-
Casl0 (PDB: 4UW2) with a root-mean-squared
deviation (RMSD) of 1.23A over 131 a-carbon atoms.
No major steric clashes are predicted, consistent with
their assembly into a functional Cas10 protein.

Cas10 proteins with domains split over two or three
neighboring genes were also identified in type III-B and
ITII-D systems (Fig. 2D). Some of these casI0 genes are
interrupted by insertion elements (e.g., IS256 transposase
splits Cas10 in the III-A system of T. marina; NZ_
CP042909.1), while the stop and start codons of other
casl0 genes are separated by short intergenic regions.

CRISPR loci are associated with some of these split
cas10 genes (e.g., casl0 from the III-A system of Nitra-
tiruptor sp. YY09-18; NZ_AP023065.1) (Fig. 2D), sug-
gesting that these cas gene cassettes are associated with
active defense systems.

Cas10-mediated cOA production requires the type llI
surveillance complex
Cas10 and their associated Csm or Cmr complexes from
different organisms have been reported to produce differ-
ent cOAs. For example, SthCsm mainly produces cAg,
while Csm from Thermus thermophilus (TtCsm) produces
greater quantities of cA4.'®'? These cOA-production pro-
files are expected to impact the efficacy of type III
CRISPR-based diagnostics, which generally utilize nucle-
ase effectors that are activated by a single species of
cOA.*>?* To determine if Cas10 polymerases from each
clade have characteristic cOA-production profiles, we
picked five representatives from three distinct clades and
tested the cOA-synthesis activity of these proteins.

The five Cas10 homologs we purified all have GGDD
motifs in their Palm2 domains, have been previously
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studied by other groups (i.e., TonCasl0, TthCasl0,
SthCas10, SsoCasl0, and PfuCas10) (Figs. 3A, B and
Supplementary Fig. S4), and are reported to have single-
stranded DNase activity consistent with the presence of
HD motifs reported in Figure 1 (Figs. 1B, C and Supple-
mentary Fig. §1) 3O LI315.1819.37.53-55 1o meagsure the
efficiency of cOA synthesis, we incubated each Cas10
protein with ** P-labeled rATP for 1h at 37°C.

Products of this reaction were then resolved using
TLC. Fully assembled TthCsm and SthCsm complexes
were incubated with complementary RNAs and *2
P-labeled rATP as positive controls. Consistent with pre-
viously published work, fully assembled TthCsm and
SthCsm produce cOA molecules upon incubation with
a complementary RNA target (Fig. 3C)."*! In contrast,
none of the Cas10 proteins—nor a heterodimer of Ton-
Casl0 and TonCsm4—produced detectable levels of
cOA (Fig. 3C). These data support a previous report
that additional Csm/Cmr components are needed to
license Cas10 cyclase activity.'®

The requirement of fully assembled Csm/Cmr complexes
for cyclase activity was further supported by results from a
calcein-based fluorescence assay, which showed no detect-
able cyclase activity for any species of ribonucleotide (i.e.,
rNTP) or deoxyribonucleotide (i.e., ANTP) incubated with
only Casl0 proteins (Supplementary Figs. S5-S7).'
These results agree with recent experimental findings in
the type III system from Lactococcus lactis (i.e., LlaCsm),

showing cOA synthesis is dependent on changes in Cas10
dynamics that are triggered by the surveillance complex
binding its target.*®

Although we were unable to detect cOA synthesis for
any of the five Casl0 proteins we tested, a recent report
by Zhang et al (2021)*7 describes a template-dependent
DNA-polymerase activity for two of the Cas10 homologs
we purified (i.e., TonCas10 and PfuCas10).>” To better
understand the structural basis for Casl0-mediated
DdDp activity, we superimposed structures of Casl0
from Thermococcus onnurineus (TonCasl0) onto the
Palm domains of Y-family DNA polymerases.

Palm domains are common structural elements of diverse
polymerases, including reverse transcriptases, RNA-
dependent RNA polymerases, A-, B-, and Y-family DNA
polymerases, nucleotidyltransferases, nucleotidylcyclases,
and Cas10 proteins.”® A recent review of polymerase struc-
tures indicates that the Palm2 domain from PfuCaslO is
more similar to Palm domains from Y-family DNA poly-
merases than to Palm2 domains of other polymerases.?
When the Palm2 domain of TonCaslO—which contains
the catalytic GGDD motif—is superimposed on the single
Palm domain of Dpo4 (a Y-family DNA polymerase)
from Sulfolobus solfataricus, the TonCas10 Palml domain
clashes with the double-stranded DNA substrate (Fig. 3D).”’

Similar clashing is also observed when Palm?2 is super-
imposed on the Palm domains of other Y-family DNA
polymerases. These results suggest that Casl0 would

>

FIG. 3. Cas10 proteins do not have cyclase or polymerase activity in isolation. (A) Five Cas10 proteins with intact
GGDD motifs were chosen from lI-A, 1lI-B, or Ill-D systems. These proteins were purified, and their cyclase and
polymerase activities were tested in vitro. (B) SDS-PAGE gels of purified Cas10 proteins. Four wild-type proteins
(e.g., PfuCas10) and their corresponding Palm2 (GGAA) mutants (e.g., PfuCas10,,,,) are shown in the top gel.
SsoCas10, for which we were unable to purify a Palm2 mutant, is shown on the bottom left, and TonCas10-Csm4
is shown on the bottom right. SEC profiles are shown in Supplementary Figure S4. (C) 1 uM Cas10, Cas10-Csm4, or
fully assembled surveillance complex (i.e., TthCsm or SthCsm complex) were incubated with a mixture of 25 uM
rATP and 0.08 uM 32 P-x-rATP for 1h. Reactions with TthCsm and SthCsm complexes additionally contained RNA
transcripts complementary in sequence to the respective crRNAs of each surveillance complex. Products from
these reactions were resolved by TLC, and reveal an absence of cOA products for reactions with each of the five
Cas10 proteins and for Cas10-Csm4. By contrast, cOA products are visible when TthCsm or SthCsm complex is
incubated with a crRNA-complementary target. Unlabeled bands correspond to salt front on the TLC plate. (D)
Left: to model Cas10 binding of a DNA primer-template substrate, a structure of TonCsm1 (PDB: 4UW?2) was
superimposed on a Y-family DNA-polymerase structure (Dpo4; PDB: 2AGQ) by aligning TonCas10 Palm2 to Dpo4
Palm. Conserved Cas10 cyclase and Dpo4 polymerase active-site motifs are shown in red, with acidic residues
underlined. Right: steric clashes between Dpo4 DNA and Cas10 Palm1 atoms are shown as red lines. (E) Wild-type
Cas10 proteins (e.g., PfuCas10) or Palm2 (GGAA) Cas10 mutants (e.g., PfuCas10,,,) were incubated with dNTPs and
a 20nt *? P-labeled primer annealed to 40nt template. Products from these reactions were resolved on a UREA-
PAGE gel. Primer extension assays with SsoCas10, for which we were unable to purify a Palm2 mutant, are shown
in Supplementary Figure S8. cOA, cyclic oligoadenylate; crRNA, CRISPR RNA; SDS-PAGE, sodium dodecyl-sulfate
polyacrylamide gel electrophoresis; SthCsm, Csm from Streptococcus thermophilus; TLC, thin-layer chromatography.
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require significant conformational rearrangements to ac-
commodate double-stranded DNA in its Palm2 active
site. To determine how Casl0 might accommodate a
DNA primer and DNA template, we attempted to copur-
ify a Cas10-DNA complex for structural determination,
but could not purify a stable complex.

To verify the DNA-polymerase activity of Casl0 pro-
teins in vitro, we incubated each of the purified Cas10
proteins (Fig. 3A, B) with deoxyribonucleotides (ANTPs)
and a 20-nucleotide ** P-labeled primer annealed to
a 40-nucleotide template (Fig. 3E and S8). Products corre-
sponding to extended primers were visible after 1h of
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incubation with each of the purified proteins, consistent
with previous reports of Cas10-mediated DdDp activity.>’

A conserved motif corresponding to the Cas10 GGDD
motif is required for DNA polymerization in Y-family
DNA polymerases (Fig. 3D), and mutations to either of
the acidic residues in the Y-family DNA-polymerase
motif inhibit or eliminate DNA primer extension. %"
Thus, we expect that mutation of either aspartate residue
in Cas10 GGDD motifs should abolish polymerase activ-
ity. However, mutations to the catalytic motif in the
Casl10 Palm2 active site (i.e., GGDD to GGAA,; Pfu-
Cas10,,,, SthCas10,,,,, TthCas10,,,, and TonCas10,,,)
do not eliminate DNA-polymerase activity in Cas10 pri-
mer extension assays (Fig. 3E).

These data are consistent with previous work reporting
Cas10 DNA-polymerase activity, in which mutations to
aspartate residues in the GGDD motif did not abolish
polymerase activity.?” Collectively, these results suggest
that the polymerase activity is from low-level contamina-
tion of DNA polymerase from E. coli that is not removed
during Cas10 purification.?’

Discussion

Cas10s are large subunits of Csm/Cmr complexes and,
with the exception of type III-E, are the signature proteins
of type III CRISPR systems. In 2011, Makarova et al.
reported that these proteins contain HD and Palm domains
that are characteristic of polymerases,®" but the function
of these domains remained obscure until 2017 when these
proteins were shown to generate cOAs that function as
critical signaling components of type III immune sys-
tems.'®!? Here, we set out to evaluate the phylogenetic
and functional diversity of Casl0 proteins.

Our work reveals that HD nuclease domains are absent
from Cas10s in 54.2% of I1I-B and 84.1% of 11I-D CRISPR
systems (Fig. 1C and Supplementary Table S1). These re-
sults suggest that most I1I-B and III-D Cas10s do not cleave
ssDNA during CRISPR interference, and rely instead on
cOA-regulated effectors (e.g., Csm6, Csx1). Accordingly,
GGDD motifs—which catalyze cOA synthesis—are
strongly conserved in Palm2 domains of III-A, III-B, and
HI-D Casl10 proteins (Fig. 1C).

Moreover, a recent analysis of cOA-binding domains
(i.e., CARF and SAVED) shows that these domains are ge-
netically associated with III-A, III-B, and III-D CRISPR
systems.51 By contrast, type III-C and III-F systems are un-
likely to employ cOA-activated effectors as their Palm2
domains do not contain GGDD motifs (Fig. 1C), and com-
pensatory motifs are also absent in Palml. Casl0s from
these subtypes form clades with a shared ancestor
(Fig. 1B), suggesting that cOA signaling was lost before
the emergence of III-C and III-F CRISPR systems.

In addition to the loss of HD domains and catalytic
Palm2 motifs in many CaslO proteins, we identified
Cas10 sequences that are split across multiple genes and
Casl1O0s that are fused to additional domains. The existence
of partial Cas10 proteins corresponding to Palm2 domains
might explain the origin of minimal CRISPR polymerases
(mCpols) (Fig. 2C, D).%® While the function of mCpols re-
mains unclear, some mCpols are fused to cOA-sensing
(i.e., CARF) domains and HEPN RNase or transmembrane
domains. These fusion proteins are thought to constitute a
self-contained signal-detector-effector system, and inspired
the initial hypothesis that type III CRISPR systems adopted
cOA-signaling networks for immune purposes.lg"z&5 !

Genetic fusions are not unique to mCpols, and in the
course of analyzing the domain compositions of Cas10
sequences, we identified fusions of Casl0 to a toxin
(AbiEii-Cas10) and an innate immune effector (NucC-
Cas10) (Fig. 2A, B). Additional work is needed to eluci-
date the roles played by AbiEii-Cas10 and NucC-Cas10
fusions in CRISPR immunity, but it is conceivable that
these proteins are involved in triggering senescence or
programmed cell death.*®*°

Type III CRISPR systems have recently been developed
as programmable diagnostics for detection of RNA.20-2
These diagnostics utilize cOA-activated nucleases that
cleave fluorescent reporters, but many of these effectors
are only activated by specific species of cOA (e.g.,
Csmb6 from Enteroccocus italicus is specifically activated
by cAg).** In an effort to understand how phylogeny im-
pacts Cas10 cyclase activity, we screened five Cas10 pro-
teins from three clades with the aim of revealing their
cOA-production profiles (Fig. 3A, B).

Results from these experiments concur with a previous
report that Cas10 proteins alone are incapable of synthe-
sizing cOA (Fig. 3C).'® These results may not be surpris-
ing since cyclase activity must be tightly regulated by the
recognition of invading nucleic acids. Promiscuous cOA
production would activate cOA-regulated effectors, in-
ducing cellular dormancy or cell death in the absence
of bacteriophage infection.

To better understand the mechanism of DdDp activity
for Cas10, we repeated a previously reported primer exten-
sion assay (Fig. 3E and Supplementary Fig. $8).%” Prod-
ucts corresponding to extended primers were visible for
all five Casl0 proteins tested, consistent with a previous
report of CaslO-mediated DNA-polymerase activity.”’
However, mutations (i.e., GGAA) to the aspartate residues
in Palm2 GGDD motifs do not eliminate this activity
(Fig. 3E)."®!” While we cannot exclude the possibility
that Cas10 proteins have DNA-polymerase activity that
is catalyzed by residues outside the GGDD motif, this sce-
nario would represent a departure from the known
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mechanisms of structurally similar Y-family polymerases
that rely on acidic residues at structurally similar positions
(Fig. 3D). 255860

Four lines of evidence suggest that the DNA-
polymerase activity observed here may not be a function
of CaslO: structural superpositions of Casl0 and
Y-family DNA polymerases reveal steric clashes that
would prevent primer—template loading in the absence
of dramatic Casl0 conformational rearrangements
(Fig. 3D), attempts to purify Cas10 bound to DNA sub-
strates failed, mutations in the Palm2 domain do not elim-
inate DNA-pol activity, and the well-established cyclase
activity of Cas10 relies on ribonucleotides rather than de-
oxyribonucleotides.18’19’27 Overall, these data suggest
that low levels of a contaminating polymerase, rather
than Cas10, may be responsible for the polymerase activ-
ity observed in primer extension assays.

Collectively, the work presented here helps clarify the
phylogenetic and functional diversity of Casl0 proteins,
illustrating that nuclease and cyclase domain conservation
is confined to specific clades. Our work also suggests that
additional work is needed to understand how III-C and III-
F systems provide immunity without cOA production, and
how exaptation of toxin or innate immune components—
through genetic fusion to cas/O (i.e., NucC-Cas10 and
AbiEii-Cas10)—impacts type III defense.
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