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CRISPR-Cas systems confer adaptive immunity in prokaryotes, facilitating the recognition
and destruction of invasive nucleic acids. Type III CRISPR systems comprise large, multi-
subunit ribonucleoprotein complexes with a catalytic Cas10 subunit. When activated by
the detection of foreign RNA, Cas10 generates nucleotide signalling molecules that elicit
an immune response by activating ancillary effector proteins. Among these systems, the
Bacteroides fragilis type III CRISPR system was recently shown to produce a novel signal
molecule, SAM-AMP, by conjugating ATP and SAM. SAM-AMP regulates a membrane
effector of the CorA family to provide immunity. Here, we focus on NYN, a ribonuclease
encoded within this system, probing its potential involvement in crRNA maturation.
Structural modelling and in vitro ribonuclease assays reveal that NYN displays robust
sequence-nonspecific, Mn2+-dependent ssRNA-cleavage activity. Our findings suggest a
role for NYN in trimming crRNA intermediates into mature crRNAs, which is necessary for
type III CRISPR antiviral defence. This study sheds light on the functional relevance of
CRISPR-associated NYN proteins and highlights the complexity of CRISPR-mediated
defence strategies in bacteria.

Introduction
CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR associated proteins)
systems provide anti-viral adaptive immunity in prokaryotes, capable of memorising past invasions
and targeting the same invading nucleic acids upon future infections [1,2]. The CRISPR immune
response typically involves three stages: adaptation, expression, and interference. In the adaptation
stage, foreign nucleic acids are captured and subsequently integrated into the CRISPR array between
two repeat sequences [3,4]. During expression, Cas proteins are expressed and the CRISPR array is
transcribed into a precursor crRNA (pre-crRNA), which is subsequently processed into mature
CRISPR RNAs (crRNAs) [5]. These crRNAs, containing a partial repeat sequence and a single spacer
sequence, play a vital role in guiding Cas proteins during the interference stage to detect and eventu-
ally degrade foreign nucleic acids [6].
While these general immune responses are shared among CRISPR-Cas systems, the detailed

mechanisms of action vary significantly. Consequently, CRISPR-Cas systems have been classified into
2 classes, 6 types and more than 30 subtypes [7–9]. The key distinction between these two classes lies
in the composition of their interference effector: class one systems (type I, III and IV) feature multiple
subunits, while a single multidomain effector protein is present in class two systems (type II, V and
VI). Class one systems are more prevalent, found in more than half of the CRISPR loci in both bac-
teria and archaea [8].
Type III CRISPR systems stand out for their reliance on signalling pathways to confer complex and

multifaceted immune response [10]. Most subtype III-A (Csm, Cas subtype Mtube) and III-B (Cmr,
Cas module RAMP) systems exhibit the capability to generate cyclic oligoadenylates (cOA) as second
messengers, facilitated by the enzymatic subunit Cas10, which contains two polymerase-cyclase Palm
domains [11,12]. Upon detecting viral RNAs, cOAs are generated with 3–6 AMP monomers joined
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with 30-50 phosphodiester bonds. These second messengers subsequently activate downstream accessory pro-
teins to non-specifically degrade RNA, DNA, or other cellular components, ultimately resulting in viral clear-
ance, cell dormancy or death [13]. The CRISPR-Associated Rossmann Fold domain is an extensively studied
cOA sensor domain in accessory proteins, some of which also exhibit cOA degradation activity, acting as self-
limiting accessory proteins or ring nucleases to regulate signalling pathways [14–18]. Interestingly, viruses have
also been found to utilise ring nucleases as an efficient anti-CRISPR strategy [19,20].
We recently characterised a type III-B CRISPR system from Bacteroides fragilis, which includes three non-

characterised ancillary effectors: a CorA putative divalent cation channel protein, a DHH/DHHA1-family
phosphodiesterase of the NrN family [21], and a Nedd4-BP1, YacP Nuclease (NYN) family nuclease, denoted as
CorA, NrN and NYN, respectively [22–24]. Our previous work has shown that upon binding to target RNA, the
B. fragilis Cmr complex is activated to synthesise a new class of signal molecule SAM-AMP through conjugation
of SAM (S-adenosyl methionine) with ATP catalysed by Cas10 subunit [23]. The accessory membrane protein
CorA, activated by SAM-AMP binding, is thought to disrupt the cell membrane integrity, leading to cell dor-
mancy or death to prevent spreading of phage infection [23]. The accessory protein NrN was shown to degrade
SAM-AMP, presumably acting in an equivalent role to ring nucleases to switch-off the signalling pathway.
However, the role of the third ancillary effector NYN in the B. fragilis CRISPR systems remains unclear.
CRISPR-associated NYN is a member of the NYN domain family of ribonucleases [22,25]. The NYN

domain belongs to the PIN domain-like superfamily, a major metal-dependent nuclease superfamily widely
present in all three domains of life [25,26]. Proteins containing the PIN-like domain participate in various cel-
lular processes, including DNA replication and repair, mRNA decay, rRNA maturation and toxin-antitoxin
systems [26]. For example, Rael (YacP) is involved in mRNA decay in a ribosome-dependent manner in
Bacillus subtilis [27] and the N-terminal NYN domain of Marf1 (meiosis regulator and mRNA stability factor
1) exhibits ribonuclease activity, essential for oocyte meiosis and genome integrity [28]. However, no NYN
family proteins have been characterised in the context of CRISPR systems.
Here, we investigate the potential functional roles of NYN in the B. fragilis type III-B CRISPR system and

demonstrate its manganese-dependent ribonuclease activity, which non-specifically degrades a wide range of
single-strand RNAs in vitro. The properties of B. fragilis NYN are consistent with a role in crRNA maturation
in type III CRISPR systems.

Results
Investigation of NYN ribonuclease function in the B. fragilis Cmr system
The gene encoding NYN is situated adjacent to the genes encoding Cas6, CorA and NrN within the B. fragilis type
III-B CRISPR locus [29] (Figure 1A). The functional correlation of NYN within the context of B. fragilis Cmr
systems aroused our interest, given the fact that colocalised genes in prokaryotic operons often have a functional con-
nection. Our previous findings demonstrated that the B. fragilis Cmr system provides immunity via SAM-AMP sig-
nalling in the heterologous host Escherichia coli when both ancillary effectors CorA and NrN are present [23],
suggesting an auxillary function for the NYN protein. We first investigated whether NYN serves as an alternative
pathway for SAM-AMP turnover. To investigate this possibility, NYN was co-expressed in E. coli with the activated
B. fragilis Cmr system to assess its impact on SAM-AMP production in vivo. We showed previously that the signal
molecule SAM-AMP can be detected in cells co-transformed with plasmids pBfrCmr1-6, pBfrCRISPR_Tet and
pRATDuet [23]. Ancillary effectors NYN and NrN were tested in vivo by introducing expression plasmids
(pRATDuet-NYN or pRATDuet-NrN) into an E. coli strain and activating the B. fragilis Cmr system. The phospho-
diesterase NrN had been shown to cleave SAM-AMP into SAM and AMP [23], thus here serving as a positive
control. After growth at 37°C with full induction, cellular nucleotides were extracted and purified for HPLC analysis.
The presence of NYN along with the activated Cmr system did not affect the production of SAM-AMP (Figure 1B).
In contrast, SAM-AMP was absent from the presence of the phosphodiesterase NrN. To investigate the activities of
NYN in vitro, we purified B. fragilis NYN to homogeneity (Supplementary Figure S1). NYN protein was incubated
with SAM-AMP in vitro in the presence of Mn2+. Subsequent HPLC analysis revealed no observable degradation of
SAM-AMP (Figure 1C). These findings indicate that NYN is not involved in SAM-AMP metabolism.

Mn2+-dependent ribonuclease activity of NYN
To investigate whether NYN exhibited ribonuclease activity, we incubated the purified recombinant protein
with a range of RNA species and analysed reaction products by gel electrophoresis. NYN effectively cleaved the
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B. fragilis CRISPR repeat RNA (BfrCRISPR), labelled with a 50-FAM fluorophore, resulting in the accumulation
of small RNA degradation products (Figure 2A). Notably, this activity was strictly dependent on the presence
of Mn2+, with no observed activity in the presence of Mg2+. This contrasts with the Marf1 NYN domain
protein, which is active with either Mn2+ or Mg2+ [28,30]. We proceeded to test the activity of NYN against a
range of 50-FAM labelled RNA oligonucleotides of different sequence and length (17–60 nt) (Figure 2B,
Supplementary Figure S2). Cleavage products were distributed in the substrates and did not appear to
interconvert, consistent with an endonuclease activity and as observed previously for Marf1 [28,30]. Mapping
of the cleavage sites did not reveal a consensus sequence motif, suggesting relaxed sequence specificity
(Supplementary Figure S2). To investigate this further, we incubated NYN with a polyuridine RNA oligo-
nucleotide with a 30-FAM label (PolyU10-FAM) (Figure 2C). This supported an endonuclease activity for NYN,
with non-interconverting cleavage products centred 3–4 nt from the 30 end of the substrate. Endonuclease
activity was further supported by the observation that neither a 50 nor a 30 FAM label affected NYN activity.

Predicted structure and active site of B. fragilis NYN
We generated a structural model of NYN using AlphaFold2 [31] implemented on the ColabFold server [32].
The model, predicted with high confidence, revealed the classic Rossmann fold, characterised by a central
β-sheet comprising six parallel β-strands, flanked by sets of α-helices on both sides (Figure 3A, Supplementary
Figure S3). Analysis conducted using the DALI server [33] confirmed structural similarities with the

Figure 1. NYN investigated in the context of B. fragilis Cmr system.

(A) Schematic illustration of the B. fragilis type III CRISPR immune signalling pathway. During crRNA biogenesis, the CRISPR array is transcribed

into a precursor crRNA, subsequently processed into mature crRNAs by Cas6 and other unidentified nucleases. The Cmr complex is thought to

assemble around the crRNA, forming a functional Cmr-crRNA complex. Upon detection of invading RNAs during interference, the Cmr complex is

activated to produce the signal molecule SAM-AMP, which in turn activates the membrane effector CorA, presumably leading to cell death by

disrupting membrane integrity. NrN is involved in regulating the turnover of SAM-AMP to fine-tune the immune signalling pathway. Notably, the

adjacent gene nyn’s function within the B. fragilis CRISPR immune system remains unknown. (B) HPLC analysis of E. coli extracts expressing the

wild-type B. fragilis Cmr system with target crRNA (BfrCmr (T)), along with expression of NYN or NrN. The introduction of NYN into the activated

wild type BfrCmr system had no effect on the production of signal molecule SAM-AMP (trace ii), while SAM-AMP was undetectable in cells

expressing NrN, which served as a positive control (trace iii). (C) HPLC analysis of samples in which purified SAM-AMP was incubated with NYN in

vitro (trace ii). SAM-AMP incubated with NrN served as a positive control (trace iii), while sample lacking any enzymes serves as a negative control

(trace i). No degradation of SAM-AMP was observed in the presence of NYN.
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Figure 2. Mn2+ dependent endonuclease activity of NYN.

(A) The 50 FAM labelled RNA BfrCRISPR repeat (35 nt) was incubated with NYN (1 or 5 mM) in the presence of either Mg2+ or Mn2+ at 37°C for 1 h.

The cleavage activity of NYN was exclusively observed in the presence of Mn2+. OH-: alkaline lysis marker lane. (B) The 50 FAM labelled RNA-A

(60 nt) was subjected to incubation with NYN (200 nM) in the presence of Mg2+ or Mn2+ at 37°C for 5, 10, or 15 min. Control samples lacking

enzymes were included (C1 or C2). Mn2+ dependent ribonuclease activity was observed. (C) The 30 FAM labelled polyuridine RNA (10 nt) was

incubated with NYN (200 nM) in the presence of Mn2+ at 37°C for 5, 10, or 15 min. A control sample lacking NYN was also included. NYN cleaved

RNA with a 30 end label, producing cleavage products without interconversion.

Figure 3. Predicted structure model and mutagenic analysis of the NYN.

(A) A predicted structure model (AlphaFold2) of the NYN. The structural model is shown as a cartoon and prediction confidence (blue to red: high to

low confidence) is indicated (predicted local distance difference test (pLDDT)). (B) Superimposition of the conserved active residues of the NYN

(teal) on the VPa0982 (PDB: 2qip, pink) and the human MARF1-NYN domain (PDB: 6fdl, yellow). Predicted active residues D13, D118 and D143 of

NYN are highlighted, corresponding to the conserved residues D358, D426, and D452 in MARF1-NYN and the conserved residues D14, D92 and

D115 in Vpa0982. (C) Ribonuclease activity assay of WT and D13A variant NYN. The variant D13A failed to cleave the RNA substrate.
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uncharacterised NYN-domain protein VPA0982 from Vibrio parahaemolyticus (PDB 2QIP; Dali Z-score 17.4;
RMSD 2.9 Å over 159 aa) and the N-terminal NYN domain of human MARF1 (PDB 6FDL; Dali Z-score 14.6;
RMSD 2.4 Å over 140 aa) [30] (Figure 3B).
The active sites of NYN domains typically feature a common set of conserved acidic residues [25] which are

essential for ribonuclease activity [28]. In the AlphaFold2 model of B. fragilis NYN, three conserved aspartates
(D13, D118 and D143) are clustered in the probable active site of the nuclease (Figure 3B). Structural align-
ment with VPA0982 (PDB 2QIP) and MARF1-NYN (PDB 6FDL) confirms these three residues are absolutely
conserved (Figure 3B). To validate these predictions, we mutated B. fragilis NYN residue D13 to alanine and
assessed the RNA cleavage activity of the variant, which confirmed that residue D13 was indispensable for
RNA degradation activity (Figure 3C).

Potential role of NYN in crRNA maturation
Bacteroides fragilis NYN functions effectively as a non-specific endoribonuclease in vitro and is not essential for
Cmr-mediated interference in E. coli, but what is its function? One possibility is that NYN plays a role in the
maturation of crRNA. Pre-crRNA transcripts are cleaved by Cas6 to generate unit length crRNA species with a
long 30 handle derived from the CRISPR repeat [34,35]. While these species are incorporated into type I
systems where Cas6 is an integral subunit, type III systems process crRNA further, removing a variable amount
of the 30 end, depending on the size of the complex. The Cas6:crRNA intermediate is believed to be transferred
to the Csm/Cmr interference complex through a transient interaction [36,37]. Once bound to the complex, the
complex backbone (Csm3/Cmr4) serves as a ruler to determine the length of mature crRNA. Unidentified host
nucleases trim the exposed 30 end, leading to crRNA maturation [35,38–40]. Recent studies have identified host
nucleases, including RNase J2, RNase R and PNPase, which promote crRNA maturation in Staphylococcus epi-
dermidis type III CRISPR systems [41,42].
Our previous findings revealed that Cas6 processed the B. fragilis CRISPR array within the CRISPR repeat as

expected, generating a full length, 72 nt crRNA, whereas the mature crRNAs extracted from purified BfrCmr com-
plexes ranged from 37 to 49 nt in length [23]. This suggests the involvement of unknown ribonucleases in crRNA
maturation. We thus hypothesised that NYN might play a role in crRNA maturation in B. fragilis. To test this
hypothesis, we incubated NYN and Cas6 with an in vitro transcribed, radiolabelled mini-CRISPR array (one
spacer flanked by two repeats) in the presence or absence of Mn2+. Either Cas6 or NYN itself was incubated with
this CRISPR array as a control. The reactions were stopped following incubation periods of 5, 10, 30 and 60 min
by heating at 95°C and then analysed on denaturing polyacrylamide gel electrophoresis (Figure 4A). While Cas6
cleaved the CRISPR array as expected, generating a final crRNA of 72 nt, the presence of NYN and Mn2+ led to a
smear-like degradation pattern of the CRISPR array, consistent with non-specific degradation. The final size of
accumulated NYN RNA degradation products was smaller than the mature crRNA (37–49 nt) extracted from
Cmr complex, consistent with the absence of Cmr in the reaction (Figure 4B,C). Additionally, incubation of the
purified Cmr complex with NYN had no effect on the size of extracted crRNA, indicating crRNA is protected
from nuclease degradation when present in the Cmr complex (Figure 4B).
We observed that Cas6 initially co-purifies with the B. fragilis Cmr complex when they are co-expressed in

E. coli, suggestive an interaction that is lost in the final stages of purification (Supplementary Figure S4). A pos-
sible explanation for this is that Cas6 remains bound to the crRNA after cleaving it and is only separated from
the complex when the crRNA is further processed. To test this, we incubated Cas6 with the FAM-labelled B.
fragilis CRISPR repeat in vitro, then analysed the products by electrophoretic mobility shift assay. Under these
conditions, Cas6 was expected to cleave the CRISPR RNA. As we increased the concentration of Cas6, we
observed the progressive accumulation of a retarded RNA species corresponding to a Cas6:CRISPR RNA
species (Figure 5A,B), confirming formation of a stable complex. To investigate whether the NYN protein
could cleave this Cas6:CRISPR RNA complex, we incubated the FAM-labelled CRISPR RNA with Cas6, NYN
or both proteins together, then analysed the reaction products (Figure 5C). As expected, Cas6 efficiently
cleaved the CRISPR RNA at the base of the hairpin, while NYN alone fully degraded the CRISPR RNA to
small products. When both proteins were present, NYN could still cleave the CRISPR RNA near the 50 end,
but a significant fraction of the RNA was protected from cleavage. This confirms that RNA binding proteins
can protect bound RNA from NYN cleavage — as observed for many other non-specific nucleases. Overall,
these biochemical data are consistent with a role for NYN in crRNA maturation. The stronger fluorescent
signal observed for the samples containing Cas6 may reflect physical stabilisation of crRNA by Cas6, which
remains bound after cleavage.
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Discussion
Type III CRISPR systems are widespread in prokaryotes and exhibit considerable diversity in their components
and mechanisms for anti-viral immunity. Here, we addressed the function of the CRISPR-associated NYN ribo-
nuclease, which is found associated with a subset of type III-B CRISPR systems [22], including the SAM-AMP
signalling system from B. fragilis [23]. Unlike the cOA-activated ribonucleases Csm6 and Csx1, NYN does not
appear to function directly in anti-viral defence [23].
Type III CRISPR systems require a multi-stage crRNA processing pathway initiated by Cas6-mediated cleav-

age of the CRISPR repeat, followed by trimming of the 30 end. Type III CRISPR effectors commonly vary in
size by one Cas7/Cas11 backbone ‘unit’, coinciding with a range of bound crRNAs varying in size by 6 nt
[35,39,43,44]. This is consistent with footprinting, or protection, of bound crRNA, leaving an exposed 30 RNA
end that is trimmed by ribonucleases. Indeed, elegant studies in S. epidermidis have demonstrated that a range
of ribonucleases including RNase J2, PNPase and RNase R are responsible for this role [41,42]. These enzymes
are widely conserved with homologues present in E. coli and B. fragilis and have many housekeeping duties in

Figure 4. Potential role of NYN in crRNA maturation.

(A) Ribonuclease activity assay of NYN towards precursor crRNA (pre-crRNA). An internally radio-labelled transcript RNA containing two CRISPR

repeats (black) and one spacer sequence targeting Phage P1 (orange) was incubated with Cas6 (1 μM) and/or NYN (70 nM) for the indicated times and

analysed by denaturing gel electrophoresis. The expected sizes and compositions of cleavage products of Cas6 are indicated based on its specific

cleavage sites within each repeat (indicated by black triangles). Radio-labelled target RNA T1 (Target RNA_Lpa, 49 nt) and T2 (Non-target RNA_pUC,

47 nt) were used as size markers. (B) Comparison of the size of crRNAs extracted from purified wild type or Cmr4 D27A variant B. fragilis Cmr

complex, in the presence or absence of NYN. Radio-labelled target RNAs T1 and T2 were used to indicate the size. (C) Schematic comparison of

sequence and size of an intermediate crRNA and extracted Cmr-bound crRNA species. An intermediate crRNA, derived from Cas6 cleavage, contains

the 50 end repeat-derived tag, spacer sequence (centre) and 30 end repeat-derived sequence with a stem-loop. Extracted crRNA species are all shorter

than an intermediate crRNA, indicating trimming from the 30 end. Extracted crRNAs were labelled at the 50 end with 32 P (blue star).
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the cell relating to RNA metabolism. To ensure efficient recruitment to crRNA processing in S. epidermidis,
RNase R has been shown to interact directly with the Cmr5 subunit of the type III CRISPR system [41]. NYN
is only found associated with Type III CRISPR systems in the Bacteroides, suggesting a particular requirement
for a dedicated ribonuclease in this lineage.
Here, we have demonstrated that NYN is a Mn-dependent, non-sequence specific ribonuclease, which can

cleave RNA internally and is capable of cutting near 50 and 30 termini. NYN is also sensitive to footprinting by
ribonucleoprotein complexes, and efficiently cleaves the B. fragilis CRISPR RNA when it is exposed. These
properties, coupled with the location of the nyn gene next to cas6, prompt us to propose a function for
CRISPR-associated NYN as a dedicated crRNA 30 end trimming ribonuclease (Figure 6). There are several lim-
itations to our study. Firstly, we have not directly tested for crRNA processing in the presence of the apo-Cmr
complex in vitro. These are challenging experiments requiring expression of all six Cmr subunits in the absence
of crRNA. Secondly, we have been unable to explore the importance of NYN in B. fragilis. There are no pub-
lished studies of the B. fragilis CRISPR system except for an analysis of spacer acquisition [45]. We postulate
that NYN is not required for type III CRISPR immunity in the heterologous context in E. coli due to the avail-
ability of alternative RNA processing enzymes. Finally, we cannot rule out a role for NYN in the generation of
spacers for CRISPR adaptation. These originate as RNA species and are converted to DNA by the RT-Cas1
enzyme prior to incorporation in the CRISPR locus [46]. Clearly, NYN could conceivably play a role in this

Figure 5. Ribonuclease activity of NYN in the presence of Cas6.

(A) Predicted secondary structure of BfrCRISPR repeat RNA. Cas6 (blue) is predicted to bind to the stem loop of CRISPR repeat RNA, with its

cleavage site indicated by a black arrow. (B) Cas6 binds CRISPR repeat RNA. 50-FAM labelled CRISPR repeat RNA (100 nM) was incubated with

varying concentrations of Cas6 (0, 0.2, 0.3, 0.7, 1.5 μM) at 37°C for 1 h. The appearance of a retarded RNA species was observed. (C) Bound RNA

is protected from NYN cleavage. 50-FAM labelled CRISPR repeat RNA (100 nM) was incubated with NYN (1 or 5 μM) in the presence or absence of

Cas6 (3 μM) at 37°C for 1 h. NYN cleavage activity is hindered when in the presence of Cas6, suggesting the bound RNA is protected from

NYN-mediated cleavage. OH−: alkaline lysis marker lane. The cleavage products of Cas6 and NYN are indicated at the side of the gel and on the

schematic in figure part A.
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process, for example by trimming RNA protospacers. This possibility warrants further investigation but is
beyond the scope of this study.

Materials and methods
Cloning
The gene encoding B. fragilis NYN was codon optimised and synthesised for expression in E. coli. A synthetic
g-block was purchased from Integrated DNA Technologies and cloned into plasmid pEhisV5Tev [47] between
the NcoI and BamHI sites. Plasmid construction was performed in E. coli DH5α, and sequence integrity was
confirmed by sequencing (Eurofins Genomics). E. coli C43 (DE3) cells were transformed with the verified
plasmid for protein expression. Plasmid pRATDuet-NYN used in plasmid challenge assay was constructed by
inserting the B. fragilis nyn gene between NcoI and EcoRI restriction sites of pRATDuet [19] under control of
pBAD promoter.

Protein expression and purification
Escherichia coli C43 (DE3) cells containing the verified plasmid were grown for 18 h at 16°C with shaking after
induction with 0.2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at an OD600 of 0.6–0.8. Cell pellets were
harvested by centrifugation at 5000 rpm (Beckman Coulter Avanti JXN-26; JLA8.1 rotor) at 4°C for 15 min. Cell
pellets were resuspended into four volumes equivalent of lysis buffer (50 mM Tris–HCl pH 8.0, 0.5 M NaCl,

Figure 6. Model of B. fragilis crRNA maturation.

In the crRNA biogenesis stage, the CRISPR array undergoes transcription into pre-crRNA, which is subsequently processed by Cas6 into

intermediate crRNAs (72 nt) at the base of a predicted hairpin structure. The BfrCmr subunits are assembled around intermediate crRNAs in various

stoichiometries. The exposed regions of Cmr-bound intermediate crRNAs are further trimmed by endonuclease NYN in B. fragilis or unknown

nucleases in E. coli. Following this processing, subunits Cmr1 and Cmr6 are capped at the 30 end of crRNA. The length of matured crRNAs (37, 43

and 49 nt) is determined by the number of backbone subunits Cmr4 (Cas7) and Cmr5 (Cas11).
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10 mM imidazole, and 10% glycerol) supplemented with lysozyme (1 mg/ml) and EDTA-free protease inhibitor
tablets (Roche). Pellets were lysed by sonicating for 6 min with 1 min rest intervals on ice, before pelleting cell
debris by ultracentrifugation at 40 000 rpm (Beckman Coulter Optima L-90K, 70 Ti rotor) at 4°C for 30 min.
Supernatants were subsequently loaded onto a 5 ml HisTrap FF column (GE Healthcare) equilibrated with

lysis buffer. After washing away unbound proteins with 20 column volumes of lysis buffer, a step-gradient
elution was conducted for the wild type NYN purification with pump A (lysis buffer) and B (elution buffer:
50 mM Tris–HCl pH 8.0, 0.5 M NaCl, 0.5 M imidazole, and 10% glycerol), as follows: 0–20 ml, 10% B; 20–
40 ml, 10% B; 40–60 ml, 50% B; 60–80 ml, 50% B; 80–120 ml, 100% B; 120–130 ml, 100% B. Subsequently, we
switched to a linear gradient for elution of the D13A variant. Fractions containing recombinant protein were
collected and concentrated for his-tag removal by overnight dialysis with TEV protease (1 mg per 10 mg
protein) in size exclusion chromatography (SEC) buffer (20 mM Tris–HCl pH 8.0, 0.25 M NaCl, 1 mM DTT,
and 10% glycerol). The TEV-cleaved protein was recovered by second immobilised metal affinity chromatog-
raphy and further purified by SEC (S200 16/60 column, GE Healthcare) in SEC buffer under isocratic flow.
The purified protein was flash frozen and stored at −70°C. SDS–PAGE was performed at each purification step
to evaluate purity and integrity of the protein.

Ribonuclease assay
The ribonuclease activity of NYN was conducted by incubating the indicated concentration of NYN protein
with 400 nM RNA (Supplementary Table S1) with a 50 or 30 fluorescein (FAM) label, in the buffer of 20 mM
Tris–HCl, pH 7.5, 50 mM NaCl and 5 mM MnCl2 (or MgCl2) at 37°C for 1 h. For assays analysis crRNA tran-
script cleavage, 70 nM NYN and/or 1 μM Cas6 were incubated with an internally radio-labelled transcript
RNA (100 nM) (Supplementary Table S1) in the same buffer condition at 37 °C for 5, 10, 30 and 60 min.
50-FAM labelled CRISPR repeat RNA (100 nM) was incubated with 1 or 5 μM NYN in the presence or absence
of 3 μM Cas6 at 37°C for 1 h or time courses assay by incubating 500 nM NYN with or without 1 μM Cas6 for
5, 15, 30 and 60 min. All reactions were stopped by adding10 mM EDTA, before heating at 95°C for 10 min,
followed by incubation on ice.
All samples were analysed on 20% acrylamide, 7 M urea and 1X TBE denaturing gels, which were run at 30

W and 45°C for 2 h. The gel was finally imaged by Typhoon FLA 7000 imager (GE Healthcare) at a wavelength
of 650 nm for phosphoimaging and 473 nm for FAM fluorescence (pmt 700–900). An alkaline hydrolysis
ladder used for cleavage site mapping was generated by incubating RNA substrates in a buffer of 5 mM
NaHCO3, pH 9.5 at 95°C for 5 min.

Electrophoretic mobility shift assay
One hundred nanomolars of 50-FAM labelled CRISPR repeat RNA was subjected to incubation with varying
concentrations of purified Cas6 (0, 0.2, 0.3, 0.7, 1.5 μM) in buffer (20 mM Tris–HCl, pH 7.5, 50 mM NaCl and
1 mM EDTA) at 37 °C for 1 h. Reactions were mixed with ficoll loading buffer and then analysed on the native
acrylamide gel (8% (w/v) 19:1 acrylamide: bis-acrylamide). Electrophoresis was performed in 1X TBE running
buffer at 200 V for 2 h at room temperature. The gel was imaged using a Typhoon FLA 7000 imager (GE
Healthcare) at a wavelength of 473 nm for FAM fluorescence (pmt 700–900).

Production of radio-labelled transcripts
The plasmid pBfrCRISPR_Lpa was described previously [23]. An internally radio-labelled transcript RNA con-
taining two BfrCRISPR repeats, and one guide sequence (Supplementary Table S1) was generated by following
the MEGAscript®Kit (Invitrogen) protocol. The template used in transcription was obtained by PCR of plasmid
pBfrCRISPR_Lpa using primer Duet-up and Duet-Down. One hundred and twenty nanograms of PCR
product was mixed with 7.5 mM ribonucleotide solution (ATP, GTP, UTP, CTP) and 133 nM α-32P-ATP
(PerkinElmer) as a tracer, before incubation at 37°C for 4 h in the 1X reaction buffer with T7 enzyme mix.
Transcript was subsequently purified by phenol: chloroform extraction and isopropanol precipitation. The
purity of transcript was check on urea polyacrylamide denaturing gel.

Generation of 50 end radio-labelled RNAs
RNAs (10–50 μM) with a 50 terminal hydroxyl group were incubated with T4 polynucleotide kinase (Thermo
Scientific) and γ-32P-ATP (10 mCi/ml, PerkinElmer) at 37°C for 40 min, before quenching with 25 mM EDTA.
The radio-labelled RNAs Target_Lpa and Target_pUC (Supplementary Table S1) or extracted crRNAs were
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subsequently loaded and purified on a 20% denaturing polyacrylamide gel (7 M urea and 1X TBE) at 30 W
and 45°C for 2 h. The band containing radio-labelled RNAs was excised from the gel, crushed and then soaked
into 500 μl RNase-free H2O overnight at 4°C. Gel particles were removed by centrifugation at 5000 rpm at 4°C
for 30 s and the radio-labelled RNAs from supernatants were subsequently recovered by phenol: chloroform
extraction and isopropanol precipitation.

crRNA recovery from the B. fragilis Cmr complex
crRNAs from the purified Cmr complex were all recovered by phenol: chloroform extraction and isopropanol
precipitation. Samples were mixed thoroughly with ammonium acetate to a final concentration of 0.5 M, before
extraction with an equal volume of phenol: chloroform and then with an equal volume of chloroform. RNAs in
the aqueous phase were precipitated by mixing with one volume of isopropanol. The mixture was chilled at
−20°C for at least 15 min. RNAs were pelleted by centrifugation at 4°C for 15 min at maximum speed and
subsequently resuspended in RNase-free H2O, after removing the supernatant solution.

SAM-AMP cleavage activity
The methods to generate SAM-AMP in vivo and in vitro were described previously [23]. Briefly, a single colony
of E. coli BL21star containing the plasmids pBfrCmr1-6, pBfrCRISPR_Tet (or pBfrCRISPR_pUC) and
pRATDuet-NYN (or pRATDuet) was inoculated into 10 ml of L-broth (LB) with antibiotic (50 mg/ml ampicil-
lin, 50 mg/ml spectinomycin and 12.5 mg/ml tetracycline). Cells were grown overnight at 37°C with shaking at
180 rpm, before recultivating with 20-fold dilution into 20 ml fresh LB with same antibiotics and continually
incubating at 37°C. The cell culture was fully induced by adding 0.2% (w/v) D-lactose and 0.2% (w/v)
L-arabinose at OD600 of 0.4–0.6. After overnight induction at 25°C, the cell culture was mixed with four
volumes equivalent of cold PBS and pelleted by centrifugation at 4000 rpm at 4°C for 10 min. Pellets were
resuspended into 2 ml cold extraction solvent [acetonitrile/methanol/water (2/2/1, v/v/v)], vortexed for 30 s
and stored at −20°C overnight. Supernatant was obtained by centrifugation at 4°C for 15 min at maximum
speed, followed by HPLC analysis.
Purified NYN (5 mM) was incubated with SAM-AMP (100 mM) in the buffer of 20 mM Tris–HCl, pH 7.5,

50 mM NaCl and 5 mM MnCl2 at 37°C for 1 h. The reaction was quenched by adding EDTA to a final concen-
tration of 50 mM. Samples were purified by microfiltration (Pall Nanosep® Spin Filter, MWCO 3 kDa) and sub-
jected to HPLC analysis.

HPLC analysis
HPLC analysis was described previously [23]. In brief, sample analysis was conducted on an UltiMate 3000
UHPLC system (ThermoFisher Scientific) with absorbance monitoring at 260 nm. Samples were injected into a
C18 column (Kinetex EVO 2.1 × 50 mm, the particle size of 2.6 mm) at 40°C and analysed with gradient
elution in solvent A (10 mM ammonium bicarbonate) and solvent B (Acetonitrile with 0.1% TFA) at a flow
rate of 0.3 ml/min.
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