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Abstract: Type Il CRISPR-Cas immunity is widespread in prokaryotes and is generally mediated
by multi-subunit effector complexes. These complexes recognize complementary viral transcripts
and can activate ancillary immune proteins. Here, we describe a type IlI-E effector from
Candidatus “Scalindua brodae”, called Sb-gRAMP, which is natively encoded by a single gene
with several type 111 domains fused together. This effector uses CRISPR RNA to guide target RNA
recognition and cleaves single-stranded RNA at two defined positions six nucleotides apart.
Intriguingly, the Sb-gRAMP physically combines with the caspase-like TPR-CHAT peptidase to
form the Craspase (CRISPR-guided Caspase) complex, pointing at a potential mechanism of target
RNA-induced protease activity to gain viral immunity.

One-Sentence Summary: A single subunit type I11-E effector cleaves RNA at two guide-defined
positions and associates with a caspase-like peptidase.
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Main Text: Facing constant predation by viruses and other mobile genetic elements (MGESs),
prokaryotes have evolved multiple defense systems to protect themselves (1). Among those are
the CRISPR-Cas systems, which provide adaptive immunity: invaders are recognized and
inactivated by effector ribonucleoprotein complexes, during which genetic memory of the invader
is generated and stored as spacers in CRISPR arrays (2). CRISPR-Cas effector complexes consist
of CRISPR-associated (Cas) proteins bound to CRISPR RNA (crRNA) derived from a long
transcript of the precursor CRISPR array (pre-crRNA) (3). Complementary binding of the crRNA
to a target nucleic acid signifies the detection of an invader, setting the immune reaction in motion.
Depending on the type of effector protein, immunity is typically reached either through direct
cleavage of the invader’s genetic material, or the activation of ancillary nucleases. CRISPR-Cas
type 111 encompass both functionalities, making them among the most sophisticated CRISPR-Cas
effector proteins known to date (4).

Recently, a new CRISPR-Cas subtype with resemblance to type I11 systems was bioinformatically
predicted and classified as type I11-E (5). Although type I11-E effectors are related to other type 111
effectors (Fig. 1A), they are notably different in terms of protein architecture. Whereas type Il
effectors are typified by a multi-subunit composition, the type I11-E effector seems to have various
Repeat Associated Mysterious Protein (RAMP) domains fused together; hence the nickname
g(iant)RAMP (5). The unusual size of approximately 1300 to 1900 amino acids makes gRAMP
the largest single-unit effector found to date (Fig. 1B). We found that spacers embedded in type
I11-E CRISPR arrays have targets in MGEs (Fig. 1C; table S1) with a bias towards targeting the
coding strand of open reading frames (Fig. 1D), indicating that gRAMP activity likely involves
interaction with invader mRNA. Some type I1I-E loci carry Casl fused to a reverse transcriptase
(fig. S1), suggesting that the type I11-E acquisition machinery actively selects spacers from RNA
(6). Curiously, the gRAMP gene clusters lack ancillary nuclease genes but often co-occur with a
gene encoding a TPR-CHAT protein (fig. S1) (5), a caspase-like peptidase found to be involved
in regulated bacterial cell death (7). This is suggestive of a functional relation between the
CRISPR-Cas and caspase families in type I11-E antiviral activity that we sought to uncover in the
present study.

In order to investigate the molecular composition and function of the gRAMP protein, we selected
gRAMP from the type I11-E locus in Candidatus “Scalindua brodae” (Sb-gRAMP) (Fig. 1E) (8).
We introduced an Escherichia coli codon optimized version of this protein into E. coli, together
with a plasmid containing five copies of the first spacer from the native CRISPR array (Fig. 2A;
table S2). We purified Sb-gRAMP to apparent homogeneity via three consecutive chromatography
steps and observed distinct 260 nm absorption during size exclusion chromatography (SEC),
indicative of co-purifying nucleic acids (fig. S2). Multi-angle light scattering (MALS) analysis
indicated a homogenous particle of 242.5 + 2.4 kDa (Fig. 2B), consistent with the expected size
for a Sb-gRAMP monomer bound to an ssRNA species in the range of 45-60 nucleotides (nt)
(Supplementary Text; table S3). Subsequent protein analysis showed a single band at the expected
size for Sb-gRAMP (Fig. 2C). Nucleic acid extraction revealed the presence of three well-defined
RNA populations of which the population at ~50 nt represents mature crRNA (Fig. 2D). These
observations were reproducible when co-expressing Sb-gRAMP with a different repeat-spacer pair
(fig. S3A-D), demonstrating that Sb-gRAMP can be loaded with a crRNA of choice.

The Candidatus “Scalindua brodae” type III-E locus contains a CRISPR array comprising 11
spacers interspaced by a 36 nt repeat sequence (table S2). To investigate the characteristics of
mature crRNA in more detail, we PCR amplified the native CRISPR array from Candidatus
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“Scalindua brodae” genomic DNA and co-expressed it with Sb-gRAMP. Following RNA
extraction (fig. S4) and RNAseq (Fig. 2E; fig. S5), we determined that this RNA contains an
unusually long 5’-handle of predominantly 27-28 nt, including the conserved last 14 nt of the repeat
(Fig. 2F; fig. S6). Although a dominant spacer portion of 20 nt was observed, the vast majority of
mature crRNAs were truncated within a window of 16-25 nt (Fig. 2F; fig. S3E; fig. S6B),
suggestive of less specific processing on the 3’-end of the crRNA. In other type Il systems,
dedicated proteins (e.g. Cas6) are required for the generation of mature crRNA from pre-crRNA
(9). Our discovery of spacer-sized RNA bound to Sb-gRAMP, combined with the absence of genes
known to be involved in pre-crRNA processing (fig. S1) suggests that Sb-gRAMP might be
capable of processing its own pre-crRNA, similar to Cas12 and Cas13 (10, 11). The larger RNA
molecules bound by Sb-gRAMP might represent pre-crRNA processing intermediates. Notably,
we obtained lower Sh-gRAMP protein yields and more degraded forms of Sh-gRAMP without the
provision of pre-crRNA (Fig. 2G), suggesting an essential stabilizing or chaperoning role for the
crRNA in Sb-gRAMP-crRNA complex formation. Hence, these results demonstrate that the Sb-
gRAMP protein and a crRNA of typically 47 nt form a single ribonucleoprotein complex.

Given the apparent structural domain homology between Sb-gRAMP and subunits of other type
I11 effectors, it seems plausible that Sb-gRAMP has evolved through a series of domain fusions
and insertions. Sb-gRAMP contains a small domain with remote resemblance to Casll (Csm2)
and four domains that possess structural homology to Cas7 (Csm3/Cmr4) subunits, one with a
large insertion (Fig. 1E) (5). As Csm3/Cmr4 have been demonstrated to be responsible for target
RNA cleavage in other type Il systems (12, 13), we set out to investigate whether Sb-gRAMP
also possesses endoribonuclease activity. We incubated purified Sb-gRAMP-crRNA with
fluorescently labelled ssRNA substrates complementary to crRNA of spacer 1 (Fig. 3A) or spacer
3 (fig. S7A) and observed the appearance of two well-defined RNA cleavage products (Fig. 3B;
fig. S7B), with the smaller product accumulating over time (fig. S8). Most target RNA remains
uncleaved even at two-fold molar excess of gRAMP (fig. S9), suggesting that endoribonuclease
activity only proceeds with a limited substrate turnover. Counting from the 5’-side of the crRNA
into the target, the cleavage sites are located after nucleotides 3 (site 1) and 9 (site 2) relative to
the crRNA, thus 6 nt apart (Fig. 3B; fig. S7C; fig. S10). When we tested target RNA substrates
with the fluorescent label on the 3’-end instead of 5’-end, two smaller cleavage products
accumulated with a 6 nt interval (Fig. 3B; fig. S11). This nucleotide spacing between cleavage
sites is reminiscent of the 6 nt periodicity found for other type Il effector complexes (14, 15),
suggesting that the Sb-gRAMP retained the ancestral architectural positioning after domain fusion
and insertion events. Also analogous to other type I11 effectors (16), complementarity between the
protospacer flanking sequence (PFS) and the repeat portion of the crRNA retained the cleavage
activity and positioning of Sb-gRAMP-crRNA within the complementary region of target RNA
(Fig. 3C). Incubation of Sb-gRAMP-crRNA with an sSDNA target or non-complementary sSRNA
substrate did not yield cleavage products (Fig. 3D). We also did not observe collateral RNase
activity in the presence of a target RNA (fig. S12), demonstrating that Sb-gRAMP is a sequence
and position specific crRNA-guided RNA endonuclease.

The CRISPR-Cas type Ill Csm3/Cmr4 domains harbor acidic residues essential for metal-ion
coordination and subsequent ribonuclease catalysis (14, 15, 17). The removal of divalent cations
from the cleavage buffer abolished Sb-gRAMP-crRNA ability to cleave target RNA (Fig. 3E),
showing that RNase activity was dependent on metal ions. This raised the possibility that Sh-
gRAMP possesses acidic amino acid residues essential for a functional endoribonuclease active
site, akin to ancestral Csm3/Cmr4. To test this, we identified seven conserved aspartic acids and
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one serine residue that might be active in the ribonuclease catalytic core, based on multiple
sequence alignment of various gRAMPs (fig. S13) and structural similarity to the Streptococcus
thermophilus Csm3 structure (12) (fig. S14). Mutational analysis of these positions indeed
revealed that Sb-gRAMP-crRNA lost its target RNA cleavage ability at site 2 upon changing a
single aspartic acid residue to an alanine (D698A) (Fig. 3F). The single amino acid change renders
a Sh-gRAMP variant able to sequence specifically cleave target RNA only at site 1, which may
provide distinct benefits for biotechnological application where specific single RNA cleavage is
desired. Despite trying the eight positions (fig. S15), the low sequence similarity of gRAMPs to
Csm3/Cmr4 did not permit identifying essential active site residues responsible for the cleavage
at site 1 and may require structural analysis. Currently described type Il effectors cleave RNA
once per Csm3/Cmr4 subunit; Sb-gRAMP, composed of four Csm3-like domains, only cleaves
twice under our experimental conditions (Fig. 3G). This suggests that the other ribonuclease
domains were either rendered dysfunctional over time or evolved into other functionalities.

In canonical type I11 systems, RNA target recognition with mismatching PFS leads to the activation
of the cyclase domain in the Cas10 subunit, which in turn synthesizes cyclic oligo adenylates
(cOASs) (18, 19). The cOAs act as allosteric activators of ancillary proteins often found in or near
the CRISPR-Cas loci by binding in the CRISPR-associated Rossmann Fold (CARF) domain (20).
It appears that the Casl0 subunit as well as CARF-containing proteins were lost during the
evolutionary genesis of gRAMP (5). Since this makes cOA signaling in type I11-E unlikely, we
wondered what the functional relation could be with the co-occurring caspase-like protease TPR-
CHAT (fig. S1) (5). The tetratricopeptide repeat (TPR) domain is often involved in protein-protein
interaction and the formation of protein complexes (21), which prompted us to test physical
association between TPR-CHAT and Sb-gRAMP-crRNA.

To assess potential interaction, we affinity purified either Sb-gRAMP-crRNA or TPR-CHAT from
cells that co-expressed both proteins (Fig. 4A) and observed co-elution using either protein as a
bait (Fig. 4B; fig. S16A). This indicated the formation of a stable complex between Sb-gRAMP-
crRNA and TPR-CHAT (table S4), whose interaction was retained during subsequent heparin
chromatography and SEC (Fig. 4B; fig. S17). MALS revealed a single, homogenous population
with a molar mass of 315.4 + 2.8 kDa (Fig. 4C; fig. S18), corresponding to Sb-gRAMP-crRNA
and TPR-CHAT complexed in a 1:1 stoichiometry (table S3). The retention time of the complex
was shorter than that of Sb-gRAMP-crRNA alone, consistent with a particle of higher molecular
weight (fig. S19). The heparin purified complex contained mature crRNA (Fig. 4D) with 6 nt
spaced cleavage specificity towards target RNA (Fig. 4E; fig. S20; fig. S16B). TPR-CHAT with
inactivated predicted catalytic residues (H585A and C627A) (7) was also able to associate with
Sb-gRAMP-crRNA (fig. S16), indicating that complex formation occurs independently of TPR-
CHAT activity. TPR-CHAT did not dissociate from Sb-gRAMP-crRNA in the presence of target
RNA (fig. S21), suggesting that Sb-gRAMP-crRNA and TPR-CHAT form a stable protein
complex which remains assembled upon target RNA recognition. We here name this complex
Craspase (CRISPR-guided Caspase).

The TPR-CHAT is a predicted protease from the caspase family whose members typically catalyze
the hydrolysis of specific peptide bonds of target proteins (22), many of which remain to be
identified. Pathways involving caspase-like proteins are often activated during eukaryotic
apoptosis, but are also abundant in the bacterial kingdom where they have been shown to function
in regulated cell death (7). To test whether we could trigger cell death with the Craspase complex,
we co-expressed it with an inducible target RNA in E. coli and followed the growth kinetics of the
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bacteria. We did not observe growth defects upon target RNA production (fig. S22), suggesting
the absence of the target protein in the transplanted E. coli host, the requirement of additional
factors for Craspase activation, or a biological role for Craspase in a context other than cell-death
induction.

The type 1lI-E gRAMP effector has characteristics of both CRISPR-Cas Class 1 (e.g. type Il
domains, six nucleotide cleavage spacing, cleavage of RNA independent of matching PFS) and
Class 2 (e.g. single protein composition), blurring the boundaries of the traditional CRISPR-Cas
classification. Its physical association with TPR-CHAT raises the possibility of crRNA-guided
caspase-like activity to reach viral immunity. Although the specific RNA cleavage capability of
gRAMP-crRNA could contribute to direct antiviral defense, the primary role of target RNA
recognition and cleavage may instead be the on and off switching of Craspase. This switching has
been observed in other type I11 systems, where RNA target interaction regulates second messenger
production which in turn controls ancillary nuclease activity (23, 24). Our findings that Sb-
gRAMP-crRNA targets RNA and forms a stable complex with TPR-CHAT give rise to a model
in which gRAMP-crRNA, instead of using second messengers, allosterically induces peptidase
activity upon target RNA recognition to elicit a specific immune response (Fig. 4F).
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heterologous expression system used for Sh-gRAMP-crRNA1 overexpression. (B) SEC-MALS peaks corresponding
to light scattering and UV g absorbance profiles of purified Sb-gRAMP-crRNAL. The molar masses are derived from
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40 to 60 nucleotides mapped onto the native CRISPR array. (F) RNAseq read depth of the first repeat-spacer with
predominant repeat and spacer lengths indicated based on consensus processing. (G) SDS-PAGE analysis of Sb-
gRAMP protein expressed in the absence and presence of a CRISPR array with five copies of spacer 1.
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Model of CRISPR-Cas type IlI-E during phage infection.
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Materials and Methods

Plasmid cloning

Plasmids used in this study are listed in table S6. Primers described in table S7 were used
for PCR amplification using the Q5 high-fidelity Polymerase (New England Biolabs). Ordered
DNA sequences are listed in table S8. All plasmids were verified by Sanger-sequencing (Macrogen
Europe, Amsterdam, The Netherlands). Cloning was performed using NEBuilder HiFi DNA
Assembly (New England Biolabs) unless stated otherwise. Bacterial transformations for cloning
were performed using NEB® 5-alpha Competent E. coli (New England Biolabs) and carried out
by electroporation using ECM630 Electrocell Manipulator (2.5 kV, 200 Q, 25 uF).

For the expression of Candidatus “Scalindua brodac” gRAMP (Sb-gRAMP), a two-
plasmid expression system was used: a plasmid containing the gRAMP protein ()GRAMP) and a
plasmid containing the CRISPR RNA (pCRISPR-1, pCRISPR-3 or pCRISPR-WT). To construct
pPGRAMP, a coding sequence corresponding to an E. coli codon-optimized gRAMP protein variant
containing a N-terminal Twin-Strep-Tag Il and a SUMO-tag was designed, ordered (Life
Technologies Europe BV) and cloned downstream of the Lacl repressed T7 promoter on the
plasmid 13S-S (encoding spectinomycin resistance for selection) (Berkeley MacroLab). pPGRAMP
variants with mutations were generated by amplifying pPGRAMP with primers containing the
desired mutations.

To construct pCRISPR-1 and pCRISPR-3, a CRISPR array starting with the native
Candidatus “Scalindua brodae” leader sequence, followed by six native repeats interspaced by five
times the first spacer (p)CRISPR-1) or the third spacer (0CRISPR-3) in the native CRISPR array
was designed, ordered (Life Technologies Europe BV) and cloned downstream of the Lacl
repressed T7 promoter on pACYC Duet-1 (encoding chloramphenicol resistance for selection)
(Novagen EMD Millipore) by restriction with Mfel-HF (New England Biolabs) and Ndel (New
England Biolabs) followed by ligation with T4 DNA ligase (New England Biolabs). To construct
pPCRISPR-WT, the native type IlI-E CRISPR array was PCR amplified from Candidatus
“Scalindua brodae” genomic DNA and cloned downstream of the Lacl repressed T7 promoter on
pACYC Duet-1. In order to get both the Sb-gRAMP protein and the CRISPR-1 array encoded on
the same plasmid, the CRISPR array was PCR amplified from pCRISPR-1 and assembled with
PCR amplified pGRAMP to yield pPGRAMP-CRISPR-1. For the co-expression of an RNA target
cognate to crRNA-1, a plasmid (pTarget) encoding the complementary target DNA (5' -
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CTCTAGTAACAGCCGTGGAGTCCGGGGCAGAAAATTGG - 3') downstream of the Lacl
repressed T7 promoter was generated via “around-the-horn” PCR amplification and self-ligation
of p13S-S using phosphorylated primers with flags encoding the target sequence. The region
including the Lacl repressed T7 promoter, DNA encoding the RNA target cognate to crRNA-1
and downstream T7 terminator was subsequently PCR amplified from pTarget and integrated in
PGRAMP-CRISPR-1 to yield pPGRAMP-CRISPR-1-target-1.

For the expression of Candidatus “Scalindua brodae” TPR-CHAT, a coding sequence
corresponding to an E. coli codon-optimized TPR-CHAT protein variant containing a C-terminal
His-tag was designed and ordered as a gBlock (Integrated DNA Technologies) and cloned
downstream of the Lacl repressed T7 promoter on the plasmid pACYC Duet-1 to yield pTPR-
CHAT. pTPR-CHAT H585A C627A was constructed via insertion of a gBlock containing the
desired mutations into pTPR-CHAT.

Protein overexpression for purification

Electrocompetent cells E. coli BL21-Al were transformed with the desired plasmids
(JRAMP-crRNAL: pGRAMP and pCRISPR-1. gRAMP-crRNA-WT: pGRAMP and pCRISPR-
WT. gRAMP-crRNA3: pGRAMP and pCRISPR-3. TPR-CHAT: pTPR-CHAT/pTPR-CHAT
H585A C627A. gRAMP complexed with TPR-CHAT (Craspase): pGRAMP-CRISPR-
1/pGRAMP-CRISPR-1-target-1 and pTPR-CHAT/pTPR-CHAT H585A C627A) and grown
overnight at 37 °C on LB-agar plates containing selection media (50 pg/mL spectinomycin and/or
25 ug/mL chloramphenicol). Colonies were streaked from the plate, resuspended in 100 mL LB
containing selection media and grown for ~3 hours before inoculation in 8 L (for overexpression
of gRAMP-crRNA and gRAMP complexed with TPR-CHAT (Craspase)) or 4 L (for
overexpression of TPR-CHAT) LB medium containing selection media. Cultures were grown at
37 °C and 150 rpm until the cultures reached exponential phase (ODeoo 0.3-0.5). The grown
cultures were incubated on ice for 1 hour and protein expression was induced with a final
concentration of 0.2% L-arabinose and 0.5 mM IPTG (for gRAMP-crRNA overexpression) or 1
mM IPTG (for TPR-CHAT and gRAMP complexed with TPR-CHAT (Craspase) overexpression),
followed by overnight incubation at 20 °C and 150 rpm. The overnight grown cultures were
harvested by centrifugation at 6000 rpm for 30 minutes. The supernatant was discarded and the

pellets were resuspended in PBS (50 mL PBS/initial 1 L culture) and harvested by centrifugation
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(30 minutes, 3900 rpm 4 °C). The supernatant was discarded, and the pellets stored at -80°C until

further use.

Purification of Sb-gRAMP-crRNA, Sb-gRAMP variants and Sb-gRAMP-crRNA complexed with
TPR-CHAT (Craspase)

Cell pellets of each 1 L culture were resuspended in 50 mL of ice-cold lysis buffer (100
mM Tris-HCI, 150 mM NaCl, 1 mM DTT, 5% glycerol, pH 7.5). 1 tablet of cOmplete™ EDTA-
free Protease Inhibitor Cocktail was added per 50 mL resuspended pellet (except for gRAMP

complexed with TPR-CHAT (Craspase)). The cells were lysed with 3 runs at 1000 bar in a cooled
French press and spun down at 16000 rpm at 4 °C for 30 min (JA-17 rotor, Avanti). The resulting
lysate was filtered through a 0.45 um syringe filter. To prepare the purification column, a 20 mL
gravity column (Bio-Rad) was loaded with 3 mL of a 50% suspension Strep-Tactin ®XT Affinity
Resin (IBA Lifesciences GmbH) (corresponding with 1.5 mL column bed volume). The Strep-
Tactin ®XT Affinity Resin was washed with 5 column volumes of ice-cold wash buffer (100 mM
Tris-HCI, 150 mM NaCl, 1 mM DTT, 5% glycerol, pH 7.5). The filtered sample lysate was loaded
on the washed Strep-Tactin ® XT Affinity Resin and subsequently washed with 5 column volumes
of ice-cold wash buffer. 10 mL of elution buffer (200 mM Tris-HCI, 150 mM NaCl, 1 mM DTT,
5% glycerol, 50 mM Biotin, pH 7.5) was used to elute the protein. gRAMP D437A D516A,
gRAMP D448A, gRAMP D968A and gRAMP D971A were snap frozen and stored at -80 °C until
use in the target RNA cleavage assay.

gRAMP-crRNA, gRAMP D448A D516A, gRAMP S457A D516A, gRAMP DG698A,
gRAMP D698A D771A and gRAMP complexed with TPR-CHAT (Craspase) were subjected to
subsequent purification steps. The pooled fractions were gradually diluted 1.5 times with a wash
buffer devoid of NaCl (100mM Tris-HCI, 1ImM DTT, 5% glycerol, pH 7.5). The sample was spun
down at 13,200 rpm at 4 °C for 10 min whereupon the supernatant was transferred to a new tube.
For the Heparin affinity chromatography, a5 mL HiTrap Heparin HP column (Cytiva) was washed
with 2 column volumes of degassed MilliQ at 1 mL/min and equilibrated with degassed low salt
buffer (100 mM Tris-HCI, 100 mM NaCl, 1 mM DTT, 5% glycerol, pH 7.5) at 1 mL/min. The
sample was loaded onto the column and washed with 10 column volumes of ice cold degassed low
salt buffer. The proteins were eluted by using a NaCl gradient (0-100% in 25 minutes) from low
salt buffer to high salt buffer (100 mM Tris-HCI, 1 M NaCl, 1 mM DTT, 5% glycerol, pH 7.5),

collecting 1 mL fractions. Pooled fractions were concentrated (Amicon ultra-4 Centrifugal Filter
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Unit with ultracel-100 membrane) and subjected to size exclusion chromatography using Superdex
200 Increase 10/300 GL (Cytiva) column equilibrated with running buffer (100 mM Tris-HCI, 150
mM NaCl, 1 mM DTT, 5% glycerol, pH 7.5) with 0.3 mL/min flow rate using running buffer as
mobile phase. For the size exclusion chromatography of Sb-gRAMP-crRNA and Sh-gRAMP-
crRNA complexed with TPR-CHAT prior to SEC-MALS analysis, running buffer without
glycerol (100 mM Tris-HCI, 150 mM NaCl, 1 mM DTT, pH 7.5) was used. Pooled fractions were

concentrated, snap frozen in liquid nitrogen and stored at -80 °C until further use.

Purification of TPR-CHAT

Cell pellets were unfrozen and resuspended in 200 mL of ice-cooled lysis/wash buffer (100
mM Tris-HCI, 150 mM NaCl, 1 mM DTT, 5% glycerol, 25 mM imidazole, pH 7.5). Cell lysis was
performed three times in a cooled French press (1 kbar). The lysate was centrifuged at 16,000 rpm

for 30 minutes at 4 °C. The supernatant was filtered through a 0.45 um syringe filter and loaded
on a disposable 20 mL column (Bio-Rad) for gravity-flow affinity chromatography containing
HIS-Select Nickel Affinity Gel (500 uL/50 mL lysate) (Sigma-aldrich) that was washed with 20
mL of ice-cold lysis/wash buffer. The loaded column was washed with 15 mL of ice-cold
lysis/wash buffer. The protein was eluted with ice-cold elution buffer (100 mM Tris-HCI, 150 mM
NaCl, 1 mM DTT, 5% glycerol, 250 mM imidazole, pH 7.5). Pooled fractions were concentrated,
snap frozen in liquid nitrogen and stored at -80 °C until further use.

RNA extraction
50 pL of purified Sb-gRAMP-crRNA (~1 mg/mL) or gRAMP complexed with TPR-
CHAT (Craspase) (~0.6 mg/mL) were thawed and incubated with 3 pL of 800 units/mL proteinase

K (New England Biolabs) at 37 °C for 1 hour to digest the protein content, followed by heat
inactivation at 95 °C for 5 minutes. To separate the RNA from the digested protein content, acidic
phenol (pH 4.5, phenol:chloroform = 5:1, Invitrogen) was added to the sample in a 1:1 ratio,
vortexed for 1 minute and centrifuged for 10 minutes at 13200 rpm at room temperature. The
aqueous phase was collected and subjected to RNA precipitation (20 pL 3M NaAcetate and 500
ML 100% ethanol per 200 pL of sample) for 1 hour at -20 °C. Samples were spun down at 13,200
rpm at 4 °C for 2 hours, washed twice with ice-cold 70% ethanol and spun down at 13,200 rpm at
4 °C for 10 minutes. The pellet was dried in a SpeedVac concentrator (Thermo Fisher Scientific)

for 30 minutes at 60 °C and resuspended in RNA grade water. Samples were stored at -80 °C until
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further use. For RNA digestion, 10 uL of ~50 ng/pL extracted RNA was incubated with 1 pL of
20 mg/mL RNase A (Thermo Fisher Scientific) for 30 minutes at 37 °C. Visualization of RNA
was done by mixing 10 pL sample of ~50 ng/pL with 10 pL 2x RNA loading dye (95% formamide,
0.025% SDS and 0.5 mM EDTA) and running the sample on an 8M urea 10% PAGE gel with the
Low Range ssRNA Ladder (New England Biolabs). The gel was stained with Sybr Gold and
imaged on a Typhoon laser-scanner platform (Cytiva).

RNAseq of purified RNA

RNA sequencing was performed on RNA extracted from Sh-gRAMP-crRNA-WT. 10 pg
of phenol-chloroform extracted RNA was incubated with 22 U T4 Polynucleotide Kinase (PNK)
(New England Biolabs) and 1x PNK buffer (New England Biolabs) for 4 hours at 37 °C for 2'-3'-
dephosphorylation. Subsequently, another 10 U PNK and 1 mM ATP was added for 1.5 hours at

37 °C for 5'-phosphorylation before heat inactivation at 65 °C for 20 minutes. PNK treated samples
were subjected to another round of phenol-chloroform purification prior to sending for small RNA
sequencing (Macrogen). The small RNA library was prepared using the Illumina TruSeq RNA
Library Prep Kit with 20% PhiX and 10% miRNA control added. A HiSeq X lane (2x150bp)
sequencing run was performed. The obtained reads (2,649,538 in total) were trimmed using
cutadapt (26) to remove the adapters. The single reads of size 40 to 60 (954,096 in total) were
filtered and mapped on the CRISPR array sequence using minimap2 (27).

SDS-PAGE analysis

20 pL of protein sample was supplemented with 5 pL of 5X Laemmli buffer (375 mM
Tris-HCI, 9% SDS, 50% glycerol, 0.03% bromophenol blue) and 2.5 pL 1 M DTT. Samples were
incubated at 95 °C for 10 minutes before loading on a 4-20% Mini-Protean TGX Precast Gel (Bio-
Rad) with PageRuler Prestained Protein Ladder (10 to 180 kDa) or PageRuler Plus Prestained
Protein Ladder (10 to 250 kDa). Gels were run in 1X TGS buffer (25 mM Tris-HCI, 192 mM
glycine, 0.1% SDS) at 200 V for 30-45 minutes, washed in MilliQ water and stained for 1 hour

with BioSafe Coomassie G-250 stain (Bio-Rad) under continuous shaking. Gels were washed in

MilliQ water for 30 minutes before imaging.

Target RNA cleavage

18



10

15

20

25

30

RNA cleavage reactions were performed in 10 pL reaction volume, containing purified
200 nM Sh-gRAMP-crRNA or Sh-gRAMP-crRNA1 complexed with TPR-CHAT (Craspase), 100
nM Cy5-labelled RNA oligo, 11 mM Tris-HCI, 67 mM NaCl, 4.5 mM DTT and 1 mM MgCl2
unless stated otherwise. Typical reactions were incubated at 20 °C for 2 hours, after which 0.5 puL
of 800 units/mL proteinase K (New England Biolabs) was added for 1 hour at 37 °C and 95 °C for
5 minutes to stop the reactions. 5 pL of the reaction was mixed with 5 pL of 2x RNA loading dye
(95% formamide, 0.025% SDS and 0.5 mM EDTA) and loaded on an 8M urea 10% PAGE gel
(pre-run at 350 V for 1 hour, sample run at 333V for 2 hours) with 100 nM ladder containing 5'-
Cy5 labelled RNA oligo’s of sizes 10, 20, 30, 40, 50 and 60 nt (table S5). Gels were imaged on a
Typhoon laser-scanner platform (Cytiva).

Biochemical characterization of the RNA ends of gRAMP cleavage products

In order to characterize the chemical 5'- and 3’-ends of the cleavage products generated by
Sb-gRAMP, cleavage reactions were heat inactivated at 95 °C for 5 minutes and subsequently
treated with Antarctic phosphatase (for 5’ and 3’ dephosphorylation) or T4 PNK (for 5’
phosphorylation and 2’'-3'-dephosphorylation). For phosphatase treatment, 1.1 pL 10x Antarctic
phosphatase reaction buffer (New England Biolabs) and 0.5 pL of 5,000 units/mL Antarctic
phosphatase (New England Biolabs) was added and incubated for 30 minutes at 37 °C. For T4
PNK treatment, 1 pL of 10,000 units/mL T4 PNK (New England Biolabs), 1 pL 10 mM ATP and
1 pL 10x T4 PNK buffer (New England Biolabs) was added and incubated for 30 minutes at 37
°C. Reactions were inactivated at 95 °C for 5 minutes, whereupon 0.5 pL of 800 units/mL
proteinase K (New England Biolabs) was added and incubated for 30 minutes at 37 °C, followed
by inactivation at 95 °C for 5 minutes. For visualization, 10 pL of the reaction was mixed with 2x
RNA loading dye (95% formamide, 0.025% SDS and 0.5 mM EDTA) and loaded on an 8M urea
10% PAGE gel (pre-run at 350 V for 1 hour, sample run at 333V for 2 hours). Gels were imaged

on a Typhoon laser-scanner platform (Cytiva).

SEC-MALS

The gRAMP-crRNA1, gRAMP-crRNA3 and gRAMP complexed with TPR-CHAT
(Craspase) samples for SEC-MALS were prepared by pooling the SEC elutions corresponding to
the protein peaks (10-11 mL for gRAMP-crRNAL and 9.5-10.5 mL for Craspase). Samples were
injected at final concentrations of 1.2 mg/mL (QRAMP-crRNA1), 1.0 mg/mL (QRAMP-crRNA3)

19



10

15

20

25

30

and 0.6 mg/mL (Craspase) in running buffer (100 mM Tris-HCI, 150 mM NaCl, 1 mM DTT, pH
7.5) onto a Superdex 200 Increase 10/300 GL (Cytiva). After SEC, the sample passed a DAWN
HELEOS 8 light scattering instrument (Wyatt) and a Optilab T-rEX refractive index detector
(Wyatt). Light source of the RI detector and wavelength of the laser in the light scattering
instrument were 658 and 660 nm, respectively. Molecular mass distribution and concentrations of
chromatogram peaks were calculated based on the light scattering signal and the refractive index,
respectively, derived from peak half-height regions (9.87-10.43 mL for gRAMP-crRNAL, 9.76-
10.39 mL for gRAMP-crRNA3 and 9.62-10.10 mL for gRAMP complexed with TPR-CHAT
(Craspase)). For molar mass calculations, ASTRA 7.3.2 software (Wyatt) with the protein
conjugate analysis module was used with refractive-index increments (dn/dc) of 0.1850 mL/g
(protein) and 0.1680 mL/g (RNA). Protein UV extinction coefficients of 1.203 mL mg* cm*
(gRAMP-crRNA1 and gRAMP-crRNA3) and 1.225 mL mg* cm* (gRAMP complexed with TPR-
CHAT (Craspase)), and RNA UV extinction coefficients of 15.3914 mL mg* cm™* (JQRAMP-
crRNA1 and gRAMP complexed with TPR-CHAT (Craspase)) and 15.8769 mL mg? cm*
(JRAMP-crRNA3) were used. UV extinction coefficients were estimated using ExXPASy
ProtParam (https://web.expasy.org/protparam/) (28) and MolBioTools DNA calculator
(www.molbiotools.com) using the sequences for gRAMP and TPR-CHAT. For the RNA of
gRAMP-crRNAL1 and gRAMP complexed with TPR-CHAT (Craspase), the UV extinction
coefficient was calculated using 55 nt SSRNA of crRNA1
(AAACAAGAGAAGGACUUAAUGUCACGGUACCCAAUUUUCUGCCCCGGACUCCAC

G) with 5' phosphate. For the RNA of gRAMP-crRNAS3, the UV extinction coefficient was
calculated using 55 nt SSRNA of crRNA3
(AAACAAGAGAAGGACUUAAUGUCACGGUACAAUUAUCAUUUGGACAGCUuUcCccu
C) with 5' phosphate.

In-gel proteolytic digestion and protein identification by mass spectrometry
To identify the purified proteins, SEC purified gRAMP complexed with TPR-CHAT
(Craspase) elutions were analyzed using SDS-PAGE (fig. S19B, elution 11), whereupon the bands

of interest (upper band, ~214 kDa and lower band, ~83 kDa) were cut from the gel and minced
into small pieces using a sterile scalpel. Gel pieces were destained using Coomassie destaining
solution (100 mM ammonium bicarbonate in 40% acetonitrile) for 15 minutes at 37 °C and shaking

at 300 rpm. A reduction was performed using 200 pL of reducing agent (10 mM dithiothreitol)
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and incubation for 30 minutes at 56 °C. After removal of the reducing agent and cooling down of
the gel pieces to room temperature, 200 pL of alkylating solution (55 mM iodoacetamide) was
added and incubated in the dark at room temperature for 30 minutes. After removal of the
alkylation solution, 200 pL of Coomassie destaining solution was added and incubated for 5
minutes at room temperature with 300 rpm shaking. The solution was discarded and 200 pL of
acetonitrile (100%) was added and incubated for approximately 10 minutes at room temperature
until the gel pieces were dehydrated. Proteolytic in-gel digestion was initiated by adding 2 pL of
a 100 ng/uL trypsin solution (Promega, sequencing grade) dissolved in 100 mM ammonium
bicarbonate buffer. After 5 minutes, an additional 50 uL of 200 mM ammonium bicarbonate buffer
was added to ensure full coverage of the gel pieces. Samples were incubated overnight at 37 °C
with 300 rpm shaking. The next day, samples were spun down and 150 uL of extraction solution
(70% acetonitrile, 5% formic acid) was added to the supernatant and incubated for 15 minutes at
37 °C with 300 rpm shaking. The supernatant was collected, 100 pL of acetonitrile (100%) was
added and incubated for 15 minutes at 37 °C with 300 rpm shaking. Next, 100 pL of 10:90 (v/v)
acetonitrile:water was added to the samples and incubated for 15 minutes at 37 °C with 300 rpm
shaking. The supernatant was collected and dried using a SpeedVac concentrator (Thermo Fisher
Scientific).

Before spectrometry analysis, the dried samples were resuspended in 15 pL resuspension
buffer (3% acetonitrile, 0.1% formic acid) under careful vortexing. An aliquot corresponding to
approximately 100 ng protein digest was analyzed using a nanoLC (EASY 1200, Thermo Fisher
Scientific) coupled online to a QE plus Orbitrap mass spectrometer (Thermo Fisher Scientific),
which was operated in data-dependent acquisition (DDA) mode, acquiring MS2 spectra of the top
10 signals (29). Mass spectrometric raw data were analyzed using PEAKS Studio X
(Bioinformatics Solutions Inc., Canada) by comparing the obtained peptide fragmentation spectra
to a constructed E. coli BL21(DE3) database (retrieved from the UniProtKB database,
www.uniprot.org) merged with the gRAMP and TPR-CHAT protein sequences, thereby
considering 20 ppm parent mass error, 0.2 Da fragment mass error, 2 missed cleavages,
carbamidomethylation as fixed, and oxidation and deamidation as variable peptide modifications.
Peptide matches and protein identification were filtered for 1% false discovery rate. Protein

identification with >1 unique peptide sequences were considered as confident matches.

Complex dissociation test
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Purified gRAMP complexed with TPR-CHAT (Craspase) (0.1 puM) was incubated with
~6.6-fold excess of complementary ssRNA (Target 2) (0.66 uM). The mixture was incubated for
2 hours at 20 °C and then loaded into a Superdex 200 Increase 10/300 GL (Cytiva) previously
equilibrated with running buffer (100 mM Tris-HCI, 150 mM NaCl, 1 mM DTT, 5% glycerol, pH
7.5). Fractions were collected and analyzed on an SDS-PAGE gel.

Growth experiments

Electrocompetent E. coli BL21-Al cells were transformed by electroporation with the
desired plasmids. Individual colonies for each condition (pGRAMP-CRISPR-1, pGRAMP-
CRISPR-1-target-1, pTPR-CHAT, pTPR-CHAT H585A C627A, or combinations) were
inoculated in 10 mL of LB supplemented with appropriate antibiotic(s) and incubated overnight at
37 °C and 180 rpm. Overnight cultures were diluted to ODsoo 0f 0.05 after which 200 pl was plated
in a 96-well plate in duplicate. The cultured plate was incubated at 37 °C in a Synergy™ H1
microplate reader (BioTek) for 1.5 hours. Protein expression was induced with a final
concentration of 0.2% L-arabinose and 1 mM IPTG, followed by incubation at 20 °C with shaking.
ODeoo was measured every 10 minutes.

To verify target RNA expression, two cultures per condition (starting with three colonies)
were grown in LB supplemented with appropriate antibiotic(s) at 37 °C and 180 rpm. Upon
reaching ODeoo of approximately 0.45, expression was induced for 3 hours using 1 mM IPTG and
0.2% L-arabinose. Total RNA was extracted with the mirVana RNA lIsolation Kit (Thermo Fisher
Scientific) using the total RNA protocol, with acidic phenol (Invitrogen) according to
manufacturer’s instructions. Contaminant DNA was removed using TURBO DNA-free kit
(Thermo Fisher Scientific) according to manufacturer’s instructions. ~100 ng of treated RNA was
reverse transcribed using the GoTaqg 2-Step RT-qPCR system (Promega) and random primers
according to manufacturer’s instructions. Control reactions were prepared without reverse
transcriptase. The resultant cDNA was used in PCR reactions with GoTaq gPCR Master Mix
(Promega) and primers amplifying the target RNA (BN3596 and BN3599; 137 bp), spectinomycin
resistance gene (aminoglycoside adenylyltransferase; aadA) RNA (BN3642 and BN3643; 146 bp)
as internal plasmid RNA control, or caseinolytic peptidase B (clpB) RNA (BN3649 and
BN3650; 157 bp) as internal genomic RNA control, at 95 °C for 2 min followed by 25 cycles of
denaturation at 95 °C for 15 seconds and annealing and extension at 60 °C for 1 minute. PCR
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reactions were run on 2% agarose gels and stained with SYBR Safe (Thermo Fisher Scientific) for

visualization of nucleic acids.

RNase T1 ladder generation

For exact cleavage site determination, cleavage products were compared to a ladder
consisting of RNase T1 digested target RNA. To generate the ladder, ~20 ng of Target 2 or Target
7 was combined with ~140 ng of E. coli RNA that was extracted with the mirVana RNA Isolation
Kit (Thermo Fisher Scientific) using the total RNA protocol. Subsequently, 0.1 U of RNase T1
(Thermo Fisher Scientific) was added and incubated for 1 minute at 37 °C, followed by addition
of 1.6 U of Proteinase K (New England Biolabs) and incubation for 30 minutes at 37 °C. Heat
inactivation was performed for 5 minutes at 95 °C whereupon 2x RNA loading dye (95%
formamide, 0.025% SDS and 0.5 mM EDTA) was added. The samples were stored at -20 °C until

use.

Type l1I-E bioinformatics mining

For the identification of assemblies containing gRAMP, earlier reported gRAMPs (5) were
used as seed in the non-redundant NCBI database (available from: https://www.ncbi.nlm.nih.gov),
MGNIFY database (available from: https://www.ebi.ac.uk/metagenomics) and IMG databases
(available from: https://img.jgi.doe.gov) on January 13th, 2021. Mmseqs2 easy-cluster was used
to find gRAMP homologs based on 60% coverage of the earlier reported gRAMPs with a minimum
sequence identity of 25% (30). Genes of discovered contigs were annotated using hhpred using
default settings (31). Only gRAMPs containing a co-occurring TPR-CHAT were included in

further analyses.

Spacer analysis and strand bias determination

Type IlI-E spacers were collected from previously characterized type Il1-E systems (32).
Additional  spacers from  metagenomes (JAABRU010000211.1, JPDTO01002993.1,
JPDT01002663.1, JPDT01002993.1 and JPDT01000635.1) were found based on similarity to
repeat sequences from already described arrays and a complete genome of Desulfonema magnum
(NZ_CP061800.1) also contained additional spacers. Matches in (meta)genomes to these spacers
were subsequently found using BLAST as previously described (33). Hits were removed when

found within arrays or with nucleotide identity <90% (no gaps allowed). Two hits from

23



10

15

20

MVRP01000104.1 that were below the 90% were still included based on the low possibility that
these hits would occur at random in the same metagenome (e-value <109). The potential MGE
origin of type Il1-E spacer matches in metagenomes was determined by analyzing and annotating
flanking genes of spacer matches using prokka (34). If one of the genes were determined to be
characteristic of viruses (e.g. viral proteins), transposons (e.g. transposases) or plasmids (e.g.
conjugation machinery), the hit with the spacer match was predicted to be of MGE origin. Strand
bias was determined by comparing the orientation of the spacer compared to the orientation of

open reading frames predicted on the matching target using Prodigal (33, 35).

Phylogenetic tree construction

All Cmr4 and Csm3 protein sequences were downloaded from Interpro on May 19th, 2021,
and clustered with the gRAMP proteins. The phylogenetic tree was constructed as previously
described (25). In short, cd-hit v4.8.1 (36) was used to filter redundant proteins. The remaining
proteins were aligned using MAFFT v7.475 linsi (37) and Trimal v1.4.rev15 (38) was used to
remove columns composed of gaps (-nt 0.95). Tree visualization was done by 1Q-TREE v2.1.2
(39) using 1000 bootstraps. To find out to which CRISPR-Cas type the Cmr4 and Csma3 proteins
belonged, each protein was blasted onto the NCBI database. In case of an exact hit, the contig in
which the hit was found was analyzed using CRISPRCasTyper (32). The final phylogenetic tree
was visualized using figtree v1.4.4 and iTol (40).
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Supplementary Text

Nucleic acid content calculation

The molar mass determined for the nucleic acid content of the Sb-gRAMP-crRNA1 during
SEC-MALS is 16.8 + 13.9% kDa, or 14.46-19.14 kDa. Approximating the molar mass of an
average ribonucleotide monophosphate at 320.5 Da and 5'-phosphate at 79 Da, 14.46 kDa
corresponds to (14,460-79.0)/320.5 = 44.9, or 45 nucleotides and 19.14 kDa corresponds to
(19,140-79.0)/320.5 = 59.5, or 60 nucleotides. This presents a range for ssRNA (45-60 nt) bound
to Sh-gRAMP.
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Fig. S1. Identified CRISPR-Cas type IlI-E loci. Typical type 11I-E components include gRAMP
(red), TPR-CHAT (blue), RpoE sigma factor (pink) and two genes of unknown function (xxx in
yellow, yyy in light orange (5)). Canonical CRISPR-Cas proteins are annotated in green. CRISPR
arrays are indicated with staggered vertical lines. Start and ends of contigs are indicated with single

vertical lines at the ends.
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Fig. S2. UV absorption peaks at 260 nm (purple) and 280 nm (orange) after size-exclusion
chromatography (SEC) (Superdex 200 Increase 10/300 GL) of purified Sb-gRAMP that was
expressed in the presence of a plasmid containing five copies of the first spacer from the native

Candidatus “Scalindua brodae” CRISPR array.
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Fig. S3. Protein purification and RNA characterization of Sb-gRAMP expressed in the presence
of a CRISPR array derived from spacer 3 (Sb-gRAMP-crRNA3). (A) Schematic showing the
heterologous expression system used for Sb-gRAMP-crRNA3 overexpression. (B) SEC-MALS
peaks corresponding to light scattering and UV2s0 absorbance profiles of purified Sb-gRAMP-
crRNA3. The molar masses are derived from the peak half-height region (9.8-10.4 mL). (C) SDS-
PAGE analysis after SEC. (D) Denaturing urea PAGE analysis of the nucleic acid content in Sb-
gRAMP-crRNAS3. (E) RNAseq read depth of repeat-spacer 3 with predominant repeat and spacer

lengths indicated based on consensus processing (fig. S6B).
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Fig. S4. RNA extracted from Sb-gRAMP expressed with the native Candidatus “Scalindua
brodae” CRISPR array (Sb-gRAMP-crRNA-WT) after heparin chromatography. The extracted

RNA was subsequently used for RNAseq.
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300,000 Top: RNAseq reads from PNK treated crRNA mapped on native CRISPR array
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Fig. S5. RNAseq read depth of mature crRNA (40 to 60 nt), with (top) or without (bottom) prior
T4 Polynucleotide Kinase (PNK) treatment. Both sequence read sets are mapped on the native
CRISPR array of Candidatus “Scalindua brodae”. RNAseq protocols require 5'-P and 3'-OH for
appropriate adapter ligation to the RNA. PNK is capable of adding a 5'-phosphate and removing a
cyclic 2'-3'-phosphate, thereby ensuring crRNA termini suitable for RNAseq.
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Fig. S6. Candidatus “Scalindua brodae” native CRISPR array analysis. (A) Alignment of repeats
found in various type Il1-E loci with the consensus nucleotide per position colored on occupancy
in the alignment, from white (no consensus nucleotide) to dark (complete or near-complete
occupancy of the consensus nucleotide). The alignment was generated using the Cobalt multiple
alignment tool (41) with default settings and visualized using Jalview (42) (B) Read depth of the
repeat and spacers with 10,199 reads in which all repeat-spacer pairs are represented. Consensus

processing sites are indicated.

31



Repeat Spacer 3
-27 -8 -11 5 106 15 20
5’- - -3/
NERRRRRRARRRARARAY
Target7 3/ - -5’ -@® ssRNA
B Target 7 (100 nM) C
Sb-gRAMP-crRNA3 - + Zoom-in of cleavage products

nt

60

50

40

30

204

104

Fig. S7. Sh-gRAMP-crRNA3 cleaves cognate target SSRNA. (A) Outline of the Cy5-labelled RNA
target tested for activity of Sb-gRAMP loaded with crRNA derived from spacer 3 in the native
Candidatus “Scalindua brodae” CRISPR array (Sb-gRAMP-crRNA3). Substrate details are listed
in table S5. (B) Denaturing urea PAGE gel of cleavage reactions consisting of 200 nM Sh-gRAMP-
crRNA3 incubated with cognate Target 7. (C) Zoom-in of the cleavage products with single

nucleotide steps in the auto-hydrolysis ladder indicated.
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Fig. S8. Sh-gRAMP-crRNA1 incubation with complementary ssSRNA over time. Denaturing urea
PAGE gel of cleavage reactions consisting of Sb-gRAMP-crRNAL and cognate Target 2 with

different incubation times. Substrate details are listed in table S5.
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Fig. S9. Target RNA cleavage by Sb-gRAMP-crRNAL proceeds with a limited substrate turnover.
Denaturing urea PAGE gel of cleavage reactions consisting of different Sb-gRAMP-crRNAL

concentrations with 100 nM cognate Target 1 and Target 2. Substrate details are listed in table S5.
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Fig. S10. Sb-gRAMP-crRNA1 and Sb-gRAMP-crRNA3 exact cleavage positions in target RNA.
(A) Determination of the cleavage sites using the auto-hydrolysis products from the target RNA
and the internal absence of an auto-hydrolysis product in sSRNA oligo’s due to a
deoxyribonucleoside monophosphate (ANMP) at position 28 (dNMPpos28) or position 34
(dNMPpos34). The absence of a 2'-OH at ANMP prevents the nucleophilic attack on the 3' adjacent
phosphorus in the phosphodiester bond and hence prevents the appearance of an auto-hydrolysis
product of that size. Cleavage products are indicated with the red and blue arrowheads and are 29
ntand 35 nt. Substrate details are listed in table S5. (B) Zoom-in of the cleavage products generated
by Sb-gRAMP-crRNAL with counting steps in the auto-hydrolysis ladder. Cleavage products are
indicated with arrowheads. (C) Cleavage products of cognate target RNA Cy5-labelled 5' (Target
2) or 3' (Target 3) after incubation with Antarctic phosphatase and T4 polynucleotide kinase
(PNK). Treatment of Target 2 with PNK resulted in an upwards shift (indicated by the arrows) of
the cleavage products, suggesting the removal of a 3'-phosphate. Conversely, treatment of Target
3 with PNK resulted in a marked downward shift (indicated by the arrows), indicating the addition
of a 5'-phosphate. These results indicate that cleavage products generated by Sb-gRAMP-crRNA1
carry 5'-OH and 3'-P, allowing comparison with auto-hydrolysis products in (A), as the chemical
nature of hydrolysis products is also 5'-OH and 3'-P and thus comparable in electrophoretic
mobility. (D) Determination of the cleavage sites using RNase T1 digested target RNA as a ladder.
RNase T1 cleaves the phosphodiester bond of single-stranded RNA between 3'-guanylic residues
and the 5' of the adjacent nucleotides. RNase T1 cleavage sites of Target 2 (cognate to crRNAL)
and Target 7 (cognate to crRNARJ) are indicated with black arrowheads and the size is indicated in
nt. Cleavage products are indicated with the red and blue arrowheads and are 29 nt and 35 nt for
Sb-gRAMP-crRNA1, and 30 nt and 36 nt for Sh-gRAMP-crRNA3. Target 7 is 1 nt longer (due to
a 1 nt longer native spacer) at the 5' (where the Cy5 label is positioned) compared to Target 2 (E),
so the observed one nucleotide difference in cleavage products for Sb-gRAMP-crRNA1 and Sb-
gRAMP-crRNAS indicates that the same positions are cleaved relative to the crRNA. This

demonstrates that target RNA cleavage is position specific.
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Fig. S11. Sb-gRAMP-crRNA1 cleavage products of Target 3 are 6 nt apart. Denaturing urea PAGE
gel of Target 3 incubated with Sb-gRAMP-crRNA1 with a zoom-in of the cleavage products

(indicated with arrowheads) in which nucleotide counting steps are indicated.
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Fig. S12. Sh-gRAMP-crRNAL1 has no collateral activity against non-complementary by-stander
RNA. (A) Schematic of the collateral cleavage experiment involving unlabeled target RNA (Target
8) complementary to crRNAL and Cy5-labeled non-complementary bystander RNA (Target 9).
Substrate details are listed in table S5. (B) Denaturing urea PAGE gel of 200 nM Sh-gRAMP-
crRNA1 incubated with 2-fold molar excess of Target 8 and 100 nM Target 9.
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Fig. S13. gRAMP multiple sequence alignment of the suspected catalytic Cas7-like domains.
Residues with identity are boxed and represented in different shades of red, with full conservation
marked in dark red. Generated alanine substitutions are indicated with a dark blue asterisk and the
aligning residues are marked with a blue box. Transparent orange blocks demarcate the Cas7-like
domains. The alignment was generated using the Cobalt multiple alignment tool (41) with default

settings and visualized using ESPript 3 (43).
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Fig. S14. Structural modelling of the Cas7-like domains. Models were generated using Phyre2
intensive mode (44) and aligned with the Csm3 structure of Streptococcus thermophilus (PDB:
61G0) in PyMOL (45). The aspartic acid or serine residues (indicated with sticks or oval
representation in red, purple and pink) of the Cas7-like domains in Sb-gRAMP that structurally
aligned close to the active aspartic acid residue in S. thermophilus (indicated with sticks in blue)

were subjected to alanine mutational analysis.
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Fig. S15. Sb-gRAMP mutational analysis. Denaturing urea PAGE gel of target RNA cleavage
reactions with crRNAL loaded Sbh-gRAMP mutants in which candidate active residues were

mutated to alanines.
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TPR-CHAT RNA cleavage
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Fig. S16. Sb-gRAMP-crRNA1 and TPR-CHAT co-expression. (A) Pulldown assays were
performed using Sb-gRAMP-crRNA1l with wild-type TPR-CHAT or TPR-CHAT with
inactivating mutations in the predicted protease domain (H585A and C627A), yielding similar
band patterns and intensities in each condition. (B) The samples after pulldown were incubated
with 100 nM target RNA cognate to crRNA1 (Target 2). Cleavage products are indicated with red
and blue arrowheads.
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Fig. S17. Heparin purification of Sb-gRAMP-crRNA1 complexed with TPR-CHAT. (A) The
UV2g0 absorbance profile after elution of Sb-gRAMP-crRNAL complexed with TPR-CHAT from
the heparin column. (B) Heparin elution volumes corresponding to the peak analyzed with SDS-
PAGE.
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Fig. S18. SEC-MALS analysis of Sh-gRAMP-crRNAL1 complexed with TPR-CHAT. (A)
Complete SEC-MALS chromatogram showing the light scattering and UV2s0 absorbance profiles
for Sb-gRAMP-crRNA1 complexed with TPR-CHAT. (B) SDS-PAGE analysis of the collected

SEC-MALS elution volumes.
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Fig. S19. Size-exclusion chromatography (SEC) of Sh-gRAMP-crRNA1, Sh-gRAMP-crRNAL
complexed with TPR-CHAT and TPR-CHAT alone. (A) Chromatograms showing the absorbance
at 280 nm. (B) SDS-PAGE analysis of the elution volumes corresponding to the peaks.
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Fig. S20. The cleavage products generated by Sb-gRAMP-crRNA1 complexed with TPR-CHAT
are 6 nt apart. Denaturing urea PAGE gel of a cleavage reaction of Sb-gRAMP-crRNA1

complexed with TPR-CHAT and cognate Target 2, with a zoom-in of the cleavage products

(indicated with arrowheads) in which nucleotide counting steps are indicated.
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Fig. S21. TPR-CHAT remains complexed with Sb-gRAMP-crRNA1 upon target recognition. (A)
SDS-PAGE analysis of SEC purified Sb-gRAMP-crRNAL complexed with TPR-CHAT after
incubation with cognate target RNA (Target 2) for 4 hours in the absence of MgClz. (B) RNA
bound to SEC purified Sb-gRAMP-crRNA1 complexed with TPR-CHAT, indicating successful
target binding. (C) SDS-PAGE analysis of Sb-gRAMP-crRNA1 complexed with TPR-CHAT

overexpressed in the presence or absence of a target RNA.
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Fig. S22. Growth curves of E. coli during type Il1-E expression and target RNA production. (A)
RT-PCR reactions of RNA extracted from induced cells to verify target RNA and control RNA
production. Plasmid encoded spectinomycin resistance (aminoglycoside adenylyltransferase;
aadA) RNA or genome encoded caseinolytic peptidase B (clpB) were used as internal controls.
Data represent biological duplicates. (B) ODsoo measurements of cells expressing only Sb-
gRAMP-crRNAL (blue) or Sb-gRAMP-crRNAL in the presence of target RNA (red), (B) only
TPR-CHAT (red) or TPR-CHAT H585A C627A (blue) and (C) Craspase or Craspase with TPR-
CHAT H585A C627A in the presence (red, orange) and absence (blue) of target RNA. Data

represent biological triplicates with standard deviation area bands filled.
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Table S1. CRISPR-Cas type Il1-E spacer analysis. Listed are spacers from CRISPR-Cas type I11-
E loci with identified targets, the percentage of nucleotide identity, the target strand orientation,

the source of the hit and whether the source of the hit was predicted to be of MGE origin.

Spacer Target Identity | Orientation | Source MGE
predicted

JAADEWO010 | JAADEW [ 100% Coding Deferribacteres No
000104.1 01000010 bacterium

4.1
NZ_CP06180 | SDBT010 |91% Coding Marine sediment No
0.1 12:1 09396.1 metagenome
NZ_CP06180 | Ga021040 | 90% Coding Forest soil metagenome | No
0.1 10:19 1 100116

68
JRY0010001 | OVUKO010 | 94% Coding Aguaculture metagenome | No
85.1 _1:6/1- | 24005.1
34
NZ_BEXTO01 | ERZ84053 | 90% Coding Marine metagenome No
000001.1_7:2 | 7.224968-
2/1-31 NODE-

224970
JRY0010001 | JRYOO010 |92% Coding Candidatus Scalindua Yes
85.1 1:8/1- 00117 brodae
37
MVRP01000 | MVRPO010 | 87% Coding Syntrophorhabdaceae No
104.1 13:4/1 | 00213.1 bacterium PtaUl
-48
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MVRP01000 | MVRP010 | 88% Coding Syntrophorhabdaceae No
104.1 13:1/1 | 00160.1 bacterium PtaUl

-47

JPDT010006 |UYTZO010 |91% Coding human gut metagenome | No
35.1_5:30 00008.1

JPDT010029 | OFGZ010 |94% Not Mouse gut metagenome | No
93.1 36:84 02972.1 determined

JAABRUO010 | LR796420 |91% Template Phage Yes
000211.1_1:8

JPDT010029 | LBBOO010 |91% Coding Hydrothermal vent No
93.1 36:91 04998.1 metagenome

JPDT010026 | CEVWO010 | 94% Template Marine metagenome No
63.1_30:10 70774.1

JPDT010029 | CESD010 |91% Coding Marine metagenome No
93.1_36:35 17330.1

JPDT010029 | CERB012 |91% Not Marine metagenome No
93.1 36:85 84573.1 determined

JPDT010006 |BKO043628 [ 91% Coding Phage Yes
35.1_5:6

ERZ650233. | APMIO11 | 100% Not Wastewater metagenome | No
69-NODE- 13767.1 determined

69_1:1

JPDT010029 | AACY020 | 91% Coding Marine metagenome No
93.1_36:11 545844.1
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JPDT010026 | LR796345 |91% Coding Phage Yes
63.1_30:10
JPDT010006 | ERZ84101 | 91% Not Marine metagenome Yes
35.1 5:29 0.367050- determined

NODE-

367053
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Table S2. DNA sequences of the spacers and repeat in the Candidatus “Scalindua brodae”
CRISPR array.

Spacer | DNA sequence (5' 2 3') Length (nt)
1 CCAATTTTCTGCCCCGGACTCCACGGCTGTTACTAGAG 38
2 AGTTTCCTGTTTTTTTTGCTCCCTAACGCTACTTTGAAT 39
3 AATTATCATTTGGACAGCTTCCCTCATTATTTCGAGGTC 39
4 GAAAAAAAAAAAGTAAAGTTCAGGGGCAAGTGCCAAA 37
5 CCCTTTGCTTCTTCTCTAGTGTTTCTATCCATGTTTGT 38
6 TTACGAAGTATCTCCGTACGAACCTTTTCACTGT 34
7 AGAATTGGTATTATTTTTCCCAGTGTAATAATACC 35
8 ACCATTTTTGTCATTATTTATTGTCATGTTAGAAA 35
9 TCTTCAGCAATTACTTCTTTACGAAGAGATAACTTT 36
10 AAAATCTCAAGCCTCAAGCATATACTCAAAATCATTA 37
11 ATCATTACCATCCATATGTTCTGATGACTGTCTCTGCTGTA | 41
Repeat | GTTATGAAACAAGAGAAGGACTTAATGTCACGGTAC 36
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Table S3. The experimentally calculated versus theoretic molar mass for Sb-gRAMP-crRNA and
Sh-gRAMP-crRNA1 complexed with TPR-CHAT. For the theoretical molar mass of the RNA, 55
nt sSRNA of crRNAL1 (AAACAAGAGAAGGACUUAAUGUCACGGUACCCAAUUUUCUGC
CCCGGACUCCACG) with 5" phosphate was used and calculated using MolBioTools DNA

calculator (www.molbiotools.com). The molar mass of TPR-CHAT is 83.8 kDa.

Experimentally
calculated
(theoretical) total

molar mass (kDa)

Experimentally
calculated
(theoretical) protein

molar mass (kDa)

Experimentally
calculated
(theoretical) RNA

molar mass (kDa)

Sb-gRAMP-crRNAL | 242.5+2.4(231.7) |2257+£2.3(214.0) |16.8+2.3(17.7)
Sb-gRAMP-CrRNA3 | 241.9+05 (231.7) | 224.7+05(214.0) | 17.2+0.5 (17.7)
Sb-gRAMP-crRNAL | 315.4 +2.8 (315.5) |301.6+2.7(297.8) | 13.8+3.0 (17.7)

complexed with
TPR-CHAT
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Table S4. Mass spectrometry analysis of two in-gel digestion samples of Sb-gRAMP complexed
with TPR-CHAT. Sample derived from in-gel digestion of upper gel band (~214 kDa) or lower
gel band (~83 kDa) in fig. S19B, elution 11.

Number of | Number | Average | Description -10 log P Gel band
unique of spectra | mass (fig. S19B,
peptide (Da) elution 11)
per protein
251 838 214,018 | Sh-gRAMP 611.04 Upper
5 5 83,785 | TPR-CHAT 106.64 Upper
3 3 88,946 | Bifunctional 67.33 Upper
aspartokinase/homoserine
dehydrogenase

OS=Escherichia coli
(strain B / BL21-DE3)

OX=469008

GN=ECBD_4083 PE=3

Sv=1
89 315 83,785 | TPR-CHAT 406.92 Lower
117 175 214,018 | Sb-gRAMP 366.34 Lower
18 23 69,115 | Chaperone protein DnaK | 218.39 Lower

OS=Escherichia coli
(strain B / BL21-DE3)
0OX=469008 GN=dnaK
PE=2 SV=1

17 22 61,158 | 30S ribosomal protein S1 | 215.08 Lower
OS=Escherichia coli
(strain B / BL21-DE3)
0OX=469008
GN=ECBD_2684 PE=3
Sv=1

8 8 77,101 | Polyribonucleotide 140.38 Lower
nucleotidyltransferase
OS=Escherichia coli
(strain B / BL21-DE3)
0OX=469008 GN=pnp
PE=3 SV=1
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28,744

4-hydroxy-
tetrahydrodipicolinate
reductase OS=Escherichia
coli (strain B / BL21-
DE3) OX=469008
GN=dapB PE=3 SV=1

121.47

Lower

48,532

Aspartokinase
OS=Escherichia coli
(strain B / BL21-DE3)
0OX=469008
GN=ECBD_4013 PE=3
Sv=1

102.67

Lower

66,096

Acetyltransferase
component of pyruvate
dehydrogenase complex
OS=Escherichia coli
(strain B/ BL21-DE3)
0OX=469008
GN=ECBD_3504 PE=3
Sv=1

101.65

Lower

57,329

60 kDa chaperonin
OS=Escherichia coli
(strain B / BL21-DE3)
0OX=469008 GN=groL
PE=3 SV=1

53.17

Lower
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Table S5. Substrates used for in vitro cleavage experiments.

AUU

Name Sequence (5'=>3) Length | Side Cy5- | Description Vendor
(nt) label

Target 1 CUCUAGUAACAG |38 5 sSRNA IDT
CCGUGGAGUCCG complementary
GGGCAGAAAAUU to crRNAL
GG

Target 2 CUCUAGUAACAG | 46 5' sSRNA IDT
CCGUGGAGUCCG complementary
GGGCAGAAAAUU to crRNA1 with
GGACGAUUAA non-matching

PFS

Target 3 CUCUAGUAACAG |48 3 sSRNA IDT
CCGUGGAGUCCG complementary
GGGCAGAAAAUU to crRNAL
GGACGAUUAACU

Target 4 CUCUAGUAACAG | 46 5' SSRNA IDT
CCGUGGAGUCCG complementary
GGGCAGAAAAUU to crRNA1 with
GGGUACCGUG matching PFS

Target 5 CTCTAGTAACAGC | 46 5 ssSDNA IDT
CGTGGAGTCCGGG complementary
GCAGAAAATTGGA to crRNA1L
CGATTAA

Target 6 GACCUCGAAAUA |39 5' SSRNA non- Horizon
AUGAGGGAAGCU complementary | discovery
GUCCAAAUGAUA to crRNAL
AUU

Target 7 GACCUCGAAAUA | 39 5' SSRNA Horizon
AUGAGGGAAGCU complementary | discovery
GUCCAAAUGAUA to crRNA3
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Target 8 CUCUAGUAACAG | 38 None Unlabelled IDT
CCGUGGAGUCCG SSRNA
GGGCAGAAAAUU complementary
GG to crRNA1L

Ladder 10 nt | UCGGAUUCUG 10 5 Used as RNA IDT

ladder in
cleavage
experiments

Ladder 20 nt | GCGGAUUCUGAA | 20 5 Used as RNA IDT
ACGGUGGA ladder in

cleavage
experiments

Ladder 30 nt | CAAAGUGCUUAC | 30 5 Used as RNA IDT
AGUGCAGGUAGU ladder in
GAUAUG cleavage

experiments

Ladder 40 nt | UUUUUUUUUUUC | 40 5 Used as RNA IDT

/ Target 9 CGCGGCUUUuUuuU ladder in
UUUUUUUUUCCG cleavage
CGGC experiments and

as by-stander
RNA in
collateral
activity assay

Ladder 50 nt | GUCAUAGGAGAA | 50 5 Used as RNA IDT
GUAUUAACAUCU ladder in
ACAGGGAGUCUA cleavage
UAUUGAGGUACU experiments
AG

Ladder 60 nt | GUCAUAGGAGAA | 60 5 Used as RNA IDT
GUAUUAACAUCU ladder in
ACAGGGAGUCUA cleavage
UAUUGAGGUACU experiments
AGUCGGAUUCUG

dNMPpos28 | CUCUAGUAACAG | 38 5 Used as auto- IDT

(ANMP CCGUGGAGUCCG hydrolysis

underlined) GGGCAGAAAAUU internal control
GG ladder
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dNMPpos34
(dNMP
underlined)

CUCUAGUAACAG
CCGUGGAGUCCG
GGGCAGAAAAUU
GG

38

Used as auto-
hydrolysis
internal control
ladder

IDT
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Table S6. Plasmids used in this study.

Plasmid

Description

Name in paper

Antibiotic
resistance
marker

pTU387

pACY C Duet-1 containing full Type II-E
system Candidatus “Scalindua brodae”
CRISPR array

PCRISPR-WT

Chloramphenicol

pTU398

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP (codon
optimization)

PGRAMP

Spectinomycin

pTU400

pACYC Duet-1 containing Candidatus
“Scalindua brodae” CRISPR array spacer 1
(five times)

pCRISPR-1

Chloramphenicol

pTU408

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP S457A (codon
optimization)

PGRAMP S457A

Spectinomycin

pTU410

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP D516A (codon
optimization)

pGRAMP D516A

Spectinomycin

pTU414

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP D437A D516A
(codon optimization)

PpGRAMP D437A
D516A

Spectinomycin

pTU415

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP D448A (codon
optimization)

PGRAMP D448A

Spectinomycin

pTU416

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP D448A D516A
(codon optimization)

PGRAMP D448A
D516A

Spectinomycin

pTU417

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP D698A (codon
optimization)

PGRAMP D698A

Spectinomycin

pTU418

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP D771A (codon
optimization)

pGRAMP D771A

Spectinomycin
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pTU419

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP D698A D771A
(codon optimization)

pGRAMP D698A
D771A

Spectinomycin

pTU420

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP D698A (codon
optimization)

pGRAMP D968A

Spectinomycin

pTU421

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP D971A (codon
optimization)

pGRAMP D971A

Spectinomycin

pTU422

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP (codon
optimization) enriched with CRISPR array
spacer 1 (five times)

pGRAMP-CRISPR-1

Spectinomycin

pTU423

13S-S Candidatus “Scalindua brodae” Twin-
Strep SUMO tagged RAMP (codon
optimization) enriched with CRISPR array
spacer 1 (five times) and DNA encoding for
RNA target 1 (5'-
CUCUAGUAACAGCCGUGGAGUCCGGG
GCAGAAAAUUGG-3', which is
complementary to spacer 1)

pGRAMP-CRISPR-1-
target-1

Spectinomycin

pTU424

pACYC containing Candidatus “Scalindua
brodae” TPR-CHAT (codon-optimized)

pTPR-CHAT

Chloramphenicol

pTU425

pACYC containing Candidatus “Scalindua
brodae” TPR-CHAT H585A C627A (codon-
optimized)

pTPR-CHAT H585A
C627A

Chloramphenicol

pTU426

13S-S containing DNA encoding for RNA
target 1 (5'-
CUCUAGUAACAGCCGUGGAGUCCGGG
GCAGAAAAUUGG-3', which is
complementary to spacer 1)

pTarget

Spectinomycin

pTU433

pACYC Duet-1 containing Candidatus
“Scalindua brodae” CRISPR array spacer 3
(five times)

pCRISPR-3

Chloramphenicol
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Table S7. Primers used in this study. “P” represents 5’-phosphorylation of the primer.

Name Sequence (5'23") Description (Forward/Reverse couples)

BN2780 | TGCATTGGATTGGAAGTACAG | On 13S-S for pPGRAMP construction
GTTTTCCTCGATC

BN2781 | TAATAACATTGGAAGTGGATA | On 13S-S for pPGRAMP construction
ACGGATCCGCGATC

BN2782 | GATCGAGGAAAACCTGTACTT | On codon-optimized Sb-gRAMP fragment
CCAATCCAATGCAATGAAAA
GCAACGACATGAAC

BN2783 | GATCGCGGATCCGTTATCCAC | On codon-optimized Sb-gRAMP fragment
TTCCAATGTTATTATTACACC
ATTTTACCATCACGTTC

BN2289 | GATATCCAATTGAGATCTGCC | On pACYC Duet-1 for pPCRISPR-WT
ATATGTATATCTCCTTCTTATA | construction
C

BN2290 | GATCGCTGACGTCGGTACCCT | On pACYC Duet-1 for pPCRISPR-WT
CGAGTC construction

BN2291 | CATATGGCAGATCTCAATTGG | On Candidatus “Scalindua brodae” genomic
ATATCCAGACAAACGGTTTGC | DNA to obtain the wild-type CRISPR array
GAAGAAATAC

BN2292 | GAGGGTACCGACGTCAGCGA | On Candidatus “Scalindua brodae” genomic
TCTTCAATCAAACCTAAGTAC | DNA to obtain the wild-type CRISPR array
TTCTCTTG

BN3223 | TATGTCTATTGCTGGGAGGTT | On pCRISPR-1 to obtain CRISPR array to
TCAGCAAAAAACCCCTC clone in pGRAMP-CRISPR-1

BN3228 | CAATAAACCGGTAAATAATC | On pCRISPR-1 to obtain CRISPR array to
GTATTGTACACGGCCG clone in pPGRAMP-CRISPR-1
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BN3225 | TTTTGCTGAAACCTCCCAGCA | On pGRAMP to construct pPGRAMP-
ATAGACATAAGCGGC CRISPR-1

BN3226 | TGTACAATACGATTATTTACC | On pGRAMP to construct pPGRAMP-
GGTTTATTGACTACCGGAAG | CRISPR-1

BN2340 | P- On 13S-S to construct pTarget
TTTTCCAATTTTCTGCCCCGG
ACTCCACGGCTGTTACTAGAG
ATTATTTCTAGAACTCG

BN2341 | P- On 13S-S to construct pTarget
AATATTGGAAGTGGATAACG

BN3223 | TATGTCTATTGCTGGGAGGTT | On pTarget to construct pPGRAMP-CRISPR-
TCAGCAAAAAACCCCTC 1-target-1

BN3224 | TGAGAAGCACACGGTGGAAA | On pTarget to construct pPGRAMP-CRISPR-
TTAATACGACTCACTATAGG 1-target-1

BN3227 | GTCGTATTAATTTCCACCGTG | On pGRAMP-CRISPR-1 to construct
TGCTTCTCAAATGC pGRAMP-CRISPR-1-target-1

BN3225 | TTTTGCTGAAACCTCCCAGCA | On pGRAMP-CRISPR-1 to construct
ATAGACATAAGCGGC pGRAMP-CRISPR-1-target-1

BN3151 | TTTCTACAGGGGAATTGTTAT | On p2AT to construct pTPR-CHAT
CcC

BN3152 | TACTAGCGCAGCTTAATTAAC | On p2AT to construct pTPR-CHAT
C

BN3229 | ACACAGAATGGTCAGCAGAC | OnpTPR-CHAT to insert gBlock for pTPR-
GC CHAT H585A C627A construction

BN3230 | GAAACCGATCTGGTTCCGCC | On pTPR-CHAT to insert gBlock for pTPR-

CHAT H585A C627A construction
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BN2987

CTGCCAGAGTTCACATAAACA
GACGC

On pGRAMP together with mutant specific
primer

BN2988

GGAAAAGCGTCTGTTTATGTG
AACTCTGGC

On pGRAMP together with mutant specific
primer

BN3065

AATGAACACACCGCCTTTAAC
ATCCTGC

On pGRAMP to create S457A (with BN2988)

BN3066

GGATGTTAAAGGCGGTGTGTT
CATTGATGACC

On pGRAMP to create S457A (with BN2987)

BN3063

CGCTAACGCTAGCTTTCAGTG
TGATGC

On pGRAMP to create D516A (with
BN2987)

BN3064

GCATCACACTGAAAGCTAGC
GTTAGCG

On pGRAMP to create D516A (with
BN2988)

BN3322

CGGAATGCTCGCACTCGGCTG
C

On pGRAMP D516A to create pPGRAMP
D437A D516A (with BN2987)

BN3323

CAGCCGAGTGCGAGCATTCCG
GG

On pGRAMP D516A to create pPGRAMP
D437A D516A (with BN2988)

BN3324

GAGAAAAAATCAGAAGCTAG
CCTGGTCATC

On pGRAMP D516A to create pPGRAMP
D448A D516A (with BN2988)

BN3325

CATTGATGACCAGGCTAGCTT
CTGATTTTTTC

On pGRAMP D516A to create pPGRAMP
D448A D516A (with BN2987)

BN3324

GAGAAAAAATCAGAAGCTAG
CCTGGTCATC

On pGRAMP to create pGRAMP D448A
(with BN2988)

BN3325

CATTGATGACCAGGCTAGCTT
CTGATTTTTTC

On pGRAMP D516A to create pPGRAMP
D448A (with BN2987)
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BN2985

TTGTAGGCAATTGCAGCACGA
TTACCC

On pGRAMP to create pPGRAMP D698A
(with BN2987)

BN2986 | CCGGGTAATCGTGCTGCAATT | On pGRAMP to create pPGRAMP D698A
GCCTAC (with BN2988)

BN2989 | TTCGTTTTGAAGCTCTGGAAC | On pGRAMP to create pPGRAMP D771A
TGATCAACG (with BN2988)

BN2990 | ATCAGTTCCAGAGCTTCAAAA | On pGRAMP to create pPGRAMP D771A
CGAATTTTGC (with BN2987)

BN2989 | TTCGTTTTGAAGCTCTGGAAC | On pGRAMP D698A to create pPGRAMP
TGATCAACG D698A D771A (with BN2988)

BN2990 | ATCAGTTCCAGAGCTTCAAAA | On pGRAMP D698A to create pPGRAMP
CGAATTTTGC D698A D771A (with BN2987)

BN3436 | GATTATTCCGGCAACCAGTGA | On pGRAMP to create pPGRAMP D968A
TG (with BN2988)

BN3437 | TTCATCACTGGTTGCCGGAAT | On pGRAMP to create pPGRAMP D968A
AATC (BN2987)

BN3438 | CGGATACCAGTGCGGAAAAT | On pGRAMP to create pPGRAMP D971A
GGTCTG (with BN2988)

BN3439 | TTTCAGACCATTTTCCGCACT | On pGRAMP to create pPGRAMP D971A
GGTATCCG (with BN2987)

BN3596 | TAGTAACAGCCGTGGAGTCC | On pGRAMP-crRNA-1-target-1 to amplify

target RNA
BN3599 | TTTCGGGCTTTGTTAGCAGC On pGRAMP-crRNA-1-target-1 to amplify
target RNA
BN3596 | TTTCGGGCTTTGTTAGCAGC For amplification of target RNA cognate to

crRNA1
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BN3599 | TAGTAACAGCCGTGGAGTCC | For amplification of target RNA cognate to
crRNA1

BN3642 | CAAGAATGTCATTGCGCTGC | For amplification of spectinomycin resistance
(aminoglycoside adenylyltransferase; aadA)
RNA

BN3643 | TTTGGAAACTTCGGCTTCCC For amplification of spectinomycin resistance
(aminoglycoside adenylyltransferase; aadA)
RNA

BN3649 | TACGACGATCGAGTCGGTCG | For amplification of caseinolytic peptidase
(clpB) RNA

BN3650 | GACCCGGCAATTGTTGCAGC | For amplification of caseinolytic peptidase

(clpB) RNA
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Table S8. Sequences used in this study.

Name Sequence (5'2>3")

Codon- ATGAAAAGCAACGACATGAACATTACCGTGGAACTGACCTTTTTTGA
optimized ACCGTATCGTCTGGTTGAATGGTTTGATTGGGATGCACGTAAAAAAA
Sb-gRAMP | GCCATAGCGCAATGCGTGGTCAGGCATTTGCACAGTGGACCTGGAAA

GGTAAAGGTCGTACCGCAGGTAAAAGCTTTATTACCGGTACACTGGT
TCGTAGCGCAGTTATTAAAGCAGTTGAAGAACTGCTGAGCCTGAATA
ATGGTAAATGGGAAGGTGTTCCGTGTTGCAATGGTAGCTTTCAGACC
GATGAAAGCAAAGGTAAAAAACCGAGCTTTCTGCGTAAACGTCATAC
CCTGCAGTGGCAGGCAAATAACAAAAACATTTGCGATAAAGAAGAG
GCCTGTCCGTTTTGTATTCTGCTGGGTCGTTTTGATAATGCCGGTAAA
GTGCATGAACGCAACAAAGATTATGATATCCACTTCAGCAACTTCGA
CCTGGATCACAAACAAGAAAAAAATGATCTGCGCCTGGTTGATATTG
CAAGCGGTCGTATTCTGAATCGTGTTGATTTTGATACCGGCAAAGCCA
AAGATTACTTTCGTACCTGGGAAGCAGATTATGAAACCTATGGCACC
TATACCGGTCGCATTACCCTGCGTAATGAACATGCAAAAAAACTGCT
GCTGGCAAGCCTGGGTTTTGTTGATAAACTGTGTGGTGCACTGTGTCG
TATTGAGGTTATCAAAAAAAGCGAAAGTCCGCTGCCGAGCGATACCA
AAGAACAGAGCTATACAAAAGATGATACCGTTGAAGTTCTGAGCGAA
GATCATAATGATGAACTGCGCAAACAGGCCGAAGTTATTGTTGAAGC
ATTTAAGCAGAACGATAAACTGGAAAAAATTCGCATTCTGGCAGATG
CAATTCGTACCCTGCGCCTGCATGGTGAAGGTGTGATTGAAAAAGAT
GAGCTGCCGGATGGTAAAGAAGAACGCGATAAAGGTCATCATCTGTG
GGATATTAAAGTTCAGGGCACCGCACTGCGTACCAAACTGAAAGAAC
TGTGGCAGAGCAATAAAGATATTGGCTGGCGCAAATTTACCGAAATG
CTGGGTAGCAATCTGTACCTGATCTATAAGAAAGAAACCGGTGGTGT
TAGCACCCGTTTTCGCATCCTGGGTGATACCGAGTATTATAGCAAAGC
ACATGATAGCGAAGGTAGCGACCTGTTTATTCCGGTTACACCGCCTG
AAGGTATTGAAACCAAAGAATGGATTATTGTGGGTCGCCTGAAAGCA
GCAACCCCGTTTTATTTCGGTGTTCAGCAGCCGAGTGATAGCATTCCG
GGTAAAGAGAAAAAATCAGAAGATAGCCTGGTCATCAATGAACACA
CCAGCTTTAACATCCTGCTGGATAAAGAAAATCGTTATCGTATTCCGC
GTAGTGCACTGCGTGGTGCCCTGCGTCGCGATCTGCGTACCGCATTTG
GTAGCGGTTGTAATGTTAGCTTAGGTGGTCAGATTCTGTGCAATTGTA
AAGTGTGTATTGAAATGCGTCGCATCACACTGAAAGATAGCGTTAGC
GATTTTTCAGAACCTCCGGAAATTCGCTATCGCATTGCAAAAAATCCG
GGTACAGCAACCGTGGAAGATGGTAGTCTGTTTGATATTGAAGTTGG
TCCGGAAGGCCTGACCTTTCCGTTTGTTCTGCGTTATCGTGGTCATAA
ATTTCCAGAACAGCTGAGCAGCGTTATTCGTTATTGGGAAGAAAATG
ATGGCAAAAATGGTATGGCATGGTTAGGTGGCCTGGATAGCACCGGT
AAAGGCCGTTTTGCCCTGAAAGACATTAAAATCTTTGAGTGGGATCT
GAACCAGAAAATCAACGAATATATCAAAGAACGCGGTATGCGTGGC
AAAGAAAAAGAATTACTGGAAATGGGTGAAAGCAGTCTGCCTGATG
GTCTGATTCCGTATAAATTCTTTGAAGAACGTGAATGCCTGTTTCCGT
ACAAAGAAAACCTGAAACCGCAGTGGTCAGAAGTTCAGTATACCATT
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GAAGTGGGTTCACCGCTGCTGACCGCAGATACCATTAGCGCACTGAC
CGAACCGGGTAATCGTGATGCAATTGCCTACAAAAAACGCGTGTATA
ACGATGGCAATAATGCCATTGAACCGGAACCGCGTTTTGCAGTTAAA
AGTGAAACCCATCGTGGTATTTTTCGCACCGCAGTTGGTCGTCGTACC
GGTGATCTGGGCAAAGAAGATCACGAAGATTGTACCTGTGATATGTG
CATTATCTTTGGCAATGAGCATGAGAGCAGCAAAATTCGTTTTGAAG
ATCTGGAACTGATCAACGGCAACGAATTTGAAAAGCTGGAAAAACAT
ATTGACCACGTGGCCATTGATCGTTTTACAGGTGGCGCACTGGACAA
AGCAAAATTTGATACCTATCCGCTGGCAGGTAGCCCGAAAAAACCGC
TGAAACTGAAGGGTCGCTTTTGGATTAAAAAGGGTTTTAGCGGTGAT
CACAAGCTGCTGATTACCACAGCACTGAGCGATATTCGTGATGGCCT
GTATCCTCTGGGTAGTAAAGGTGGTGTTGGTTATGGTTGGGTTGCAGG
TATTAGCATTGATGATAATGTGCCGGATGACTTTAAAGAGATGATCA
ACAAGACAGAAATGCCGCTGCCGGAAGAAGTGGAAGAAAGCAATAA
TGGTCCGATCAATAACGATTATGTTCATCCGGGTCATCAGAGCCCGA
AACAGGATCATAAAAACAAGAACATCTATTATCCGCATTATTTTCTGG
ACAGCGGCAGCAAAGTGTATCGCGAAAAAGATATTATCACCCACGAA
GAATTCACCGAGGAACTGCTGTCAGGCAAAATTAACTGTAAACTTGA
AACCCTGACACCGCTGATTATTCCGGATACCAGTGATGAAAATGGTC
TGAAACTTCAGGGTAATAAACCGGGTCATAAGAACTACAAATTCTTC
AACATTAATGGCGAACTGATGATTCCGGGTTCAGAACTGCGTGGCAT
GCTGCGCACCCATTTTGAAGCACTGACCAAAAGCTGTTTTGCCATTTT
TGGTGAAGATAGCACCCTGAGCTGGCGTATGAATGCAGATGAGAAAG
ATTACAAAATCGATAGCAACAGCATCCGCAAAATGGAAAGCCAGCGT
AATCCGAAATATCGCATTCCGGACGAACTGCAGAAAGAGCTGCGTAA
TAGCGGTAATGGTCTGTTTAATCGTCTGTATACCAGCGAACGTCGTTT
TTGGAGTGATGTGAGTAACAAATTTGAGAACAGCATCGATTACAAAC
GCGAAATTCTGCGTTGTGCAGGTCGTCCGAAAAACTATAAAGGCGGT
ATTATTCGTCAGCGTAAAGATAGTCTGATGGCCGAAGAACTGAAAGT
TCATCGTCTGCCTCTGTATGATAACTTTGATATTCCTGATAGCGCCTA
CAAAGCCAACGATCATTGTCGTAAAAGCGCAACCTGTAGCACCAGCC
GTGGTTGTCGTGAACGTTTTACCTGTGGCATTAAAGTGCGTGATAAAA
ATCGCGTTTTTCTGAATGCAGCCAATAATAATCGCCAGTACCTGAACA
ACATCAAAAAGTCCAATCACGATCTGTATCTGCAGTATCTGAAAGGC
GAAAAAAAGATCCGCTTCAACAGCAAAGTTATTACAGGTAGCGAACG
TAGCCCGATTGATGTTATTGCAGAACTGAATGAACGTGGTCGTCAGA
CCGGTTTTATCAAACTGAGCGGTCTGAATAACAGCAATAAAAGCCAG
GGCAATACCGGCACCACATTTAATAGTGGTTGGGATCGCTTTGAACT
GAATATACTGCTGGATGATCTGGAAACCCGTCCGAGCAAAAGCGATT
ATCCGCGTCCGCGTCTGCTGTTTACCAAAGATCAGTATGAATACAACA
TCACCAAACGTTGCGAACGCGTGTTTGAAATTGATAAAGGCAACAAA
ACAGGCTATCCGGTGGATGATCAGATCAAAAAGAACTACGAAGATAT
CCTGGACAGCTATGATGGCATCAAAGATCAAGAAGTTGCCGAACGCT
TTGATACATTTACCCGTGGTAGCAAGCTGAAAGTTGGCGATCTGGTTT
ATTTTCATATCGACGGCGATAACAAAATTGACAGCCTGATTCCGGTTC
GTATTAGCCGTAAATGTGCAAGCAAAACCTTAGGTGGCAAATTAGAT
AAAGCACTGCATCCGTGCACCGGTCTGTCAGATGGTCTGTGTCCGGGT
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TGTCACCTGTTTGGCACCACCGATTATAAAGGTCGCGTTAAATTTGGC
TTCGCCAAATATGAAAACGGTCCTGAATGGCTGATTACGCGTGGTAA
TAATCCGGAACGTAGTCTGACCCTGGGTGTGCTGGAATCACCGCGTC
CGGCATTTTCAATTCCGGATGATGAAAGTGAAATTCCGGGTCGTAAA
TTCTATCTGCATCACAATGGTTGGCGCATTATTCGCCAGAAACAACTG
GAAATTCGTGAAACCGTTCAGCCGGAACGCAATGTTACCACCGAAGT
GATGGATAAAGGTAACGTGTTTAGCTTTGATGTGCGCTTTGAAAATCT
GCGTGAATGGGAACTGGGTCTGCTGCTGCAGAGTCTGGATCCTGGTA
AAAACATTGCACATAAACTTGGTAAAGGCAAACCGTATGGTTTTGGC
AGCGTGAAAATCAAGATTGATAGCCTGCATACCTTCAAGATTAACAG
CAACAACGACAAAATCAAACGTGTTCCGCAGAGTGATATCCGCGAGT
ATATTAACAAAGGCTACCAGAAACTGATTGAATGGTCAGGTAATAAT
AGCATCCAGAAAGGTAATGTGCTGCCGCAGTGGCATGTTATTCCGCA
TATTGACAAACTGTACAAACTGCTGTGGGTTCCGTTTCTGAACGATAG
CAAACTGGAACCGGATGTTCGTTATCCGGTTCTGAATGAAGAATCCA
AAGGTTATATTGAGGGCAGCGATTACACCTATAAAAAGCTGGGAGAT
AAAGATAACCTGCCGTATAAAACCCGTGTTAAAGGTCTGACCACACC
GTGGTCACCGTGGAATCCGTTTCAGGTGATTGCCGAACATGAAGAAC
AAGAAGTGAACGTTACCGGTAGCCGTCCGAGTGTTACCGATAAAATT
GAACGTGATGGTAAAATGGTGTAA

CRISPR-1
array

ATATATCATATGTACAAAATGGCCCCTTCTCGCCATATACGTAACCTC
AGAGTTGTTGGAGGGTTATGAAACAAGAGAAGGACTTAATGTCACGG
TACCCAATTTTCTGCCCCGGACTCCACGGCTGTTACTAGAGGTTATGA
AACAAGAGAAGGACTTAATGTCACGGTACCCAATTTTCTGCCCCGGA
CTCCACGGCTGTTACTAGAGGTTATGAAACAAGAGAAGGACTTAATG
TCACGGTACCCAATTTTCTGCCCCGGACTCCACGGCTGTTACTAGAGG
TTATGAAACAAGAGAAGGACTTAATGTCACGGTACCCAATTTTCTGC
CCCGGACTCCACGGCTGTTACTAGAGGTTATGAAACAAGAGAAGGAC
TTAATGTCACGGTACCCAATTTTCTGCCCCGGACTCCACGGCTGTTAC
TAGAGGTTATGAAACAAGAGAAGGACTTAATGTCACGGTACCAATTG
ATATAT

CRISPR-3
array

ATATATCATATGTACAAAATGGCCCCTTCTCGCCATATACGTAACCTC
AGAGTTGTTGGAGGGTTATGAAACAAGAGAAGGACTTAATGTCACGG
TACAATTATCATTTGGACAGCTTCCCTCATTATTTCGAGGTCGTTATG
AAACAAGAGAAGGACTTAATGTCACGGTACAATTATCATTTGGACAG
CTTCCCTCATTATTTCGAGGTCGTTATGAAACAAGAGAAGGACTTAAT
GTCACGGTACAATTATCATTTGGACAGCTTCCCTCATTATTTCGAGGT
CGTTATGAAACAAGAGAAGGACTTAATGTCACGGTACAATTATCATT
TGGACAGCTTCCCTCATTATTTCGAGGTCGTTATGAAACAAGAGAAG
GACTTAATGTCACGGTACAATTATCATTTGGACAGCTTCCCTCATTAT
TTCGAGGTCGTTATGAAACAAGAGAAGGACTTAATGTCACGGTACCA
ATTGATATAT

Codon-
optimized

ATTGTGAGCGGATAACAATTCCCCTGTAGAAATAATTTTGTTTAACTT
TAATAAGGAGATATACCATGAACAACACCGAAGAAAACATCGATCGT
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TPR-CHAT
(C-terminal
His-tag)

ATTCAAGAACCGACGCGTGAAGATATTGATCGTAAAGAAGCAGAACG
TCTGCTGGATGAAGCATTTAATCCGCGTACCAAACCGGTGGATCGCA
AAAAAATCATTAATAGCGCACTGAAAATTCTGATCGGCCTGTACAAA
GAGAAAAAAGACGATCTGACCAGCGCAAGCTTTATTAGCATTGCACG
TGCCTATTATCTGGTGAGCATTACCATTCTGCCGAAAGGCACCACCAT
TCCGGAAAAAAAGAAAGAAGCACTGCGCAAAGGCATCGAATTTATTG
ATCGCGCAATCAACAAGTTTAACGGCAGCATTCTGGATAGCCAGCGT
GCATTTCGTATTAAAAGCGTTCTGAGCATTGAGTTCAATCGTATCGAT
CGTGAAAAATGCGACAACATCAAACTGAAAAACCTGCTGAACGAAG
CCGTTGATAAAGGTTGTACCGATTTTGATACCTATGAGTGGGATATTC
AGATTGCCATTCGTCTGTGTGAACTGGGTGTTGATATGGAAGGTCATT
TTGACAACCTGATCAAAAGCAACAAAGCCAACGATCTGCAGAAAGCC
AAAGCCTATTACTTCATCAAAAAGGATGACCATAAGGCCAAAGAACA
CATGGATAAATGTACCGCAAGCCTGAAATATACCCCGTGTAGTCATC
GTCTGTGGGATGAAACCGTTGGTTTTATTGAACGTCTGAAAGGTGATA
GCAGCACCCTGTGGCGTGATTTTGCAATTAAAACCTATCGTAGCTGCC
GTGTGCAAGAAAAAGAAACCGGTACACTGCGTCTGCGTTGGTATTGG
AGCCGTCATCGTGTTCTGTATGATATGGCATTTCTGGCAGTTAAAGAA
CAGGCAGATGATGAAGAACCGGATGTTAATGTTAAACAGGCCAAAAT
CAAAAAGCTGGCCGAAATTAGCGATAGCCTGAAAAGCCGTTTTAGCC
TGCGTCTGAGCGATATGGAAAAAATGCCGAAAAGTGATGATGAAAGC
AACCACGAGTTCAAAAAGTTTCTGGACAAATGTGTTACCGCCTATCA
GGATGGTTATGTGATTAATCGTAGCGAGGATAAAGAAGGTCAGGGCG
AAAACAAAAGCACCACCAGTAAACAGCCGGAACCGCGTCCGCAGGC
AAAACTGCTGGAACTGACCCAGGTTCCGGAAGGTTGGGTTGTTGTTC
ACTTTTATCTGAATAAACTGGAAGGTATGGGCAACGCCATTGTGTTTG
ATAAATGTGCAAATAGCTGGCAGTACAAAGAATTTCAGTATAAAGAA
CTGTTTGAAGTGTTCCTGACCTGGCAGGCAAACTATAATCTTTACAAA
GAAAACGCAGCCGAACATCTGGTTACCCTGTGTAAAAAGATTGGTGA
AACCATGCCGTTTCTGTTCTGCGATAACTTTATTCCGAATGGTAAAGA
TGTTCTGTTTGTGCCGCATGATTTTCTGCATCGTCTGCCGCTGCATGGT
AGCATTGAGAATAAAACAAATGGCAAGCTGTTCCTGGAAAATCATAG
CTGTTGTTATCTGCCTGCATGGTCATTTGCAAGCGAAAAAGAAGCAA
GCACCAGCGACGAATATGTTCTGCTGAAAAATTTCGATCAGGGCCAT
TTTGAAACCCTGCAGAATAATCAGATTTGGGGCACCCAGAGCGTTAA
AGATGGTGCAAGCAGTGATGATCTGGAAAACATTCGTAACAATCCGC
GTCTGCTGACCATTCTGTGTCATGGTGAAGCAAATATGAGCAATCCGT
TTCGTAGCATGCTGAAACTGGCAAATGGTGGTATTACCTATCTGGAA
ATTCTGAATAGCGTGAAAGGCCTGAAAGGTAGCCAGGTTATTCTGGG
TGCATGTGAAACCGATCTGGTTCCGCCTCTGAGTGATGTTATGGATGA
ACATTATAGCGTTGCAACCGCACTGCTGCTGATTGGTGCAGCGGGTGT
TGTTGGCACCATGTGGAAAGTTCGTAGCAATAAAACGAAAAGCCTGA
TCGAGTGGAAGCTGGAAAATATCGAATATAAACTGAACGAGTGGCAG
AAAGAAACAGGTGGTGCAGCATATAAAGATCATCCGCCTACCTTTTA
TCGTAGCATTGCCTTTCGTAGTATTGGTTTTCCGTTAGGTGGTAGCGG
TCATCACCATCACCACCATCATCATTAATCTACTAGCGCAGCTTAATT
AACCTAGGCTGCTGCCACCGCTGAGCAATAACTAGC
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Codon- AATCCGCGTCTGCTGACCATTCTGTGTGCGGGTGAAGCAAATATGAG
optimized CAATCCGTTTCGTAGCATGCTGAAACTGGCAAATGGTGGTATTACCTA
TPR-CHAT | TCTGGAAATTCTGAATAGCGTGAAAGGCCTGAAAGGTAGCCAGGTTA

H585A TTCTGGGTGCAGCGGAAACCGATCTGGTTCCGCCTCTGAGTGAT
C627A

insertion
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