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Materials and Methods
Metagenomics and metatranscriptomics

The initial analysis was performed on previously assembled and binned metagenomes
from two sites: the Rifle Integrated Field Research (IFRC) site, adjacent to the Colorado
River near Rifle, Colorado (5, 6) and Crystal Geyser, a cold, CO2-driven geyser on the
Colorado Plateau in Utah (8). Metatranscriptomic data from IFRC site (5, 6) was used to
detect transcription of non-coding elements in nature. Further mining of CRISPR-Cas14

systems was then performed on public metagenomes from IMG/M (7, 9, 32)

CRISPR-Cas computation analysis

The assembled contigs from the various samples were scanned with the HMMer suite
(33) for known Cas proteins using Hidden Markov Model (HMMs) profiles (13).
Additional HMMs were constructed for Cas14 proteins based on the MAFFT alignments
of putative type V effectors that contained fewer than 800 aa, and were adjacent to
acquisition cas genes and CRISPR arrays. These HMMs were iteratively refined by
augmenting them with manually selected novel putative Cas14 sequences that were
found using the existing Cas14 HMM models. The sequences of newly identified Cas14
orthologs are provided in Data S2. CRISPR arrays were identified using a local version
of the CrisprFinder software (34) and CRISPRDetect (35). Phylogenetic trees of Cas1
and type V effector proteins were constructed using RAXML (36) with PROTGAMMALG
as the substitution model and 100 bootstrap samplings. Trees were visualized using

FigTree 1.4.1 (http://tree.bio.ed.ac.uk/software/figtree/), and iTOL v3 (37).

Metatranscriptomic reads were mapped to assembled contigs using Bowtie2 (38).



RNase presence analysis was based on HMMs that were built from alignment of KEGG

orthologous groups (KOs)(39).

Generation of expression plasmids, RNA, and DNA substrates

Minimal CRISPR loci for putative systems were designed by removing acquisition proteins and
generating minimal arrays with a single spacer. These minimal loci were ordered as gBlocks
(IDT) and assembled into a plasmid with a tetracycline-inducible promoter driving expression of
the locus. Plasmid maps are available on Addgene. All RNA was in vitro transcribed using T7
RNA polymerase and PCR products as dsDNA templates. Resulting in vitro transcriptions were
gel extracted and ethanol precipitated. DNA substrates were obtained from IDT and their
sequences are available in Supplementary Data 5. For radiolabeled cleavage assays, DNA
oligos were gel extracted from a PAGE gel before radiolabeling using T4 PNK (NEB). For FQ

assays, DNA substrates were used without further purification.

E. coliRNAseq

Small RNA sequencing was conducted as described previously with modification (40). E. coli
NEB Stable3 was transformed with a plasmid expressing the Cas14al system with a
tetracycline-inducible promoter upstream of the Cas14ail ORF or the same plasmid with an N-
terminal 10x-histidine tag fused to Cas14. Starters were grown up overnight in SOB, diluted
1:100 in 5mL fresh SOB containing 214 nM anhydrotetracycline and grown up overnight at
25°C. For sequencing of RNA pulled down with Cas14a, the plasmid containing an N-terminal
His-tag fused to Cas14a1 was grown up at 18°C before lysis and purified as described in
“Protein purification”, stopping after the Ni-NTA elution. For total small RNA, cells were pelleted

and RNA was extracted using hot phenol as previously described (40). Total nucleic acids were



treated with TURBO DNase and phenol extracted. The resulting RNA was treated with rSAP,
which was heat inactivated before addition of T4 PNK. Adapters were ligated onto the small
RNA using the NEBnext small RNA kit and gel-extracted on an 8% native PAGE gel. RNA was
sequenced on a MiSeq with single-end 300 bp reads. For analysis, the resulting reads were
trimmed using Cutadapt, discarding sequences <8 nt, and mapped to the reference plasmid

using Bowtie2 (38).

PAM depletion assays

PAM depletion assays were conducted using methods previously described (13). Randomized
plasmid libraries were generated using a primer containing a randomized PAM region adjacent
to the target sequence. The randomized primers were hybridized with a primer that was
complementary to the 3’ end of the primer and the duplex was extended using Klenow
Fragment (NEB). The dsDNA containing the target was digested with EcoRI and Ncol, ligated
into pUC19 backbone, and transformed into E. coli DH5a. >107 cells were harvested. Next, E.
coli NEBstable was transformed with either a CRISPR plasmid or an empty vector control and
these transformed E. coli were made electrocompetent by repeated washing with 10% glycerol.
These electrocompetent cells were transformed with 200 ng of the target library and plated on
bioassay dishes containing selection for the target (carbenicillin, 100 mg I-') and CRISPR
plasmid (chloramphenicol, 30 mg I''). Cells were harvested and prepared for amplicon
sequencing on an lllumina MiSeq. The PAM region was extracted using Cutadapt and depletion

values were calculated in python. PAMs were visualized using WebLogo(41).

Protein purification
Cas14a1 was purified as described previously with modification (42). E. coli BL21(DES3) RIL

were transformed with 10xHis-MBP-Cas14a1 expression plasmid and grown up to ODeoo =0.5 in
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Terrific Broth (TB) and induced with 0.5 mM IPTG. Cells were grown overnight at 18°C,
collected by centrifugation, resuspended in Lysis Buffer (50 mM Tris-HCI, pH 7.5, 20 mM
imidazole, 0.5 mM TCEP, 500 mM NaCl) and broken by sonication. Lysate was batch loaded
onto Ni-NTA resin, washed with the above buffer and eluted with Elution Buffer (50 mM Tris-
HCI, pH 7.5, 300 mM imidazole, 0.5 mM TCEP, 500 mM NacCl). The MBP and His-tag were
removed by overnight incubation with TEV protease at 4°C. The resulting protein was
exchanged into Buffer A (20 mM HEPES, pH 7.5, 0.5 mM TCEP, 150 mM NaCl), loaded over
tandem MBP, heparin columns (GE, Hi-Trap), and eluted with a linear gradient from Buffer A to
Buffer B (20 mM HEPES, pH 7.5, 0.5 mM TCEP, 1250 mM NaCl). The resulting fractions
containing Cas14a1 were loaded onto an Superdex 200 gel filtration column, concentrated,

flash frozen, and stored at -80°C until use.

In vitro cleavage assays

Radiolabeled

Radiolabeled cleavage assays were conducted in 1x Cleavage Buffer (25 mM NaCl, 20 mM
HEPES, pH 7.5, 1 mM DTT, 5% glycerol and 5mM MgCly). For cleavage assays with different
divalent cations, 5mM MgCl» was replaced with 5mM of the indicated metal or EDTA. 100nM
Cas14al was complexed with 125 nM crRNA and 125 nM tracrRNA for 10 min at RT. ~1nM
radiolabeled DNA or RNA substrate was added and allowed to react for 30 min at 37°C unless
otherwise noted for kinetic measurments. The reaction was stopped by adding 2x Quench
Buffer (90% formamide, 25 mM EDTA and trace bromophenol blue), heated to 95°C for 2 min
and run on a 10% polyacrylamide gel containing 7 M Urea and 0.5xTBE. Products were
visualized by phosphorimaging.

RNA processing



RNA processing assays were conducted in 1x Cleavage Buffer (25 mM NaCl, 20 mM HEPES,
pH 7.5, 1 mM DTT, 5% glycerol and 5 mM of the specified metal). 200 nM Cas14a1 was
complexed with 100 nM crRNA and 100 nM tracrRNA for 30 min at 37°C. The reaction was
stopped by adding 2x Quench Buffer (90% formamide, 25 mM EDTA and trace bromophenol
blue), treated with proteinase K and run on a 10% polyacrylamide gel containing 7 M Urea and

0.5xTBE. Products were visualized by staining with SYBR Gold stain.

M13 DNA cleavage

M13 DNA cleavage assays were conducted in 100 mM NaCl, 20 mM HEPES, pH 7.5, 1 mM
DTT, 5% glycerol and 5 mM MgCl.. 250 nM Cas14a1 was complexed with 250 nM crBRNA and
250 nM tracrBRNA and 250 nM ssDNA activator. The reaction was initiated by addition of 5 nM
M13 ssDNA plasmid and was quenched by addition of loading buffer supplemented with 10mM
EDTA. Products were separated on a 1.5% agarose TAE gel prestained with SYBR Gold

(Thermofisher).

FQ detection of trans-cleavage

FQ detection was conducted as previously described with modification (20). 100 nM Cas14a1
was complexed with 125 nM crRNA, 125 nM tracrBNA and 50 nM FQ probe in 1x Cleavage
Buffer at 37°C for 10 min. The reaction was then initiated by addition of 2nM ssDNA activator for
all reactions except for the RNA optimization experiments, where the variable RNA component
was used to initiate. The reaction was monitored in a fluorescence plate reader for up to 120
minutes at 37°C with fluorescence measurements taken every 1 min (Aex: 485 Nnm; Aem: 535 nm).
The resulting data were background-subtracted using the readings taken in the absence of

activator and fit to obtain Kops.



Cas14 and Cas12a-DETECTR assays

For Cas14a1 or Cas12a detection of the A/G SNP in the HERC2 gene, saliva samples were
taken at three independent times by brown and blue-eyed individuals. For crude DNA
extraction, saliva was pelleted and washed twice in phosphate buffered saline (1 x PBS),

incubated for 5 min at 100°C, and centrifuged for 5 min at 10000xg.

DETECTR assays involved an initial PCR amplification followed by detection by Cas14al or
LbCas12a. 50-uL PCRs, consisting of 1 yL template DNA, 10 yL 5X Q5 Buffer, 0.48 uM
forward/reverse primers, 200 uM (each) dNTPs, and 1 U Q5 DNA Polymerase underwent 25
cycles of amplification. The first four 5’ nucleotides of the forward primer were
phosphorothioated to protect from degradation by T7 exonuclease in the subsequent detection
step, while the reverse primer was unmodified. 2 pyL of the PCR product was transferred to a
384-well plate and combined directly in the plate with the DETECTR reaction mix. The Cas14a1
DETECTR reaction consisted of a final concentration of 100 nM Cas14ai, 125 nM sgRNA, 50
nM ssDNA-FQ reporter, and 5 U T7 exonuclease in a total reaction volume of 20 pL. The
LbCas12a DETECTR reaction consisted of a final concentration of 50 nM LbCas12a, 50 nM
sgRNA, 50 nM ssDNA-FQ reporter, and 2.5 U T7 exonuclease in a total reaction volume of 20
uL. Reactions were incubated in a fluorescence plate reader (Tecan Infinite Pro 200 M Plex) for
2 hours at 37°C with fluorescence measurements taken every 30 seconds (Aex: 485 nm; Aem:

535 nm).

Phage interference assays
For plaquing assays, E. coli strain C (ATCC 13706) was transformed with the specified CRISPR

system and grown to saturation in SOB media containing 214 nM anhydrotetracycline (AtC)



overnight. The culture was diluted 1:1000 in soft agar overlay held at 42°C and containing 214
nM AtC. The mixture was poured on an LB agar plate containing chloramphenicol (30mg I') and
214 nM AtC. After solidifying, the stock of Phi X174 (ATCC 13706B1) was serially diluted (1:10)
and spotted onto the plate. For liquid growth assays, the overnight culture was diluted 1:100 in
SOB containing chloramphenicol (30 mg I'') and 214 nM AtC, and a 1:1000 dilution of the phage
stock was added to the media. The cultures were grown overnight in a Tecan plate reader at

37°C with shaking while OD600 was monitored.

Data Availability

Plasmids used in the study are available on Addgene (plasmid numbers 112500, 112501,
112502, 112503, 112504, 112505, 112506). All the sequences reported in this study for the first
time have been deposited in NCBI. Nucleotide database accession and coordinates of each
locus are specified in Supplemental Data 1. The Cas14 protein sequences used in this study

are provided in Supplementary Data 2.
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Fig. S1. Phylogenetic analysis of Cas14 orthologs

Maximum likelihood tree for known Type V CRISPR effectors and class 2 candidates containing

a RuvC domain. Inset shows individual orthologs for each newly identified subtype.
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CRISPR-Cas14 systems revealing spacer diversity for these CRISPR systems. Orange arrows

indicate repeats while variously colored boxes indicate unique spacers.
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Fig. S4. Metatranscriptomics for CRISPR-Cas14 loci

(A) Environmental RNA sequencing reads for Cas14a orthologs. Location of Cas14 proteins and
the CRISPR arrays are indicated below. RNA structures to the right show the in silico predicted
structure of the tracrRNA identified from metatranscriptomics. (B) Predicted hybridization for

Cas14a1 crRNA:tracrRNA duplex.
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(A) Diagram outlining PAM discovery experiment. E. coli expressing the CRISPR system of
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target. The surviving (transformed) cells are harvested and sequenced along with a control
harboring an empty vector. The depleted sequences are then sequenced and PAMs depleted
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Fig. S7. Degradation of ssDNA by Cas14a1

(A) SDS-PAGE of purified Cas14al and Cas14a1 point mutants. (B) Optimization of salt, cation

and temperature for Cas14ai cleavage of ssDNA targets. (C) Radiolabled cleavage of ssDNA

by Cas14a1l with spacer sequences of various lengths. (D) Alignment of Cas14 with previously

studied Cas12 proteins to identify RuvC active site residues and (E) cleavage of ssDNA by

purified Cas14a1 RuvC point mutants.
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(A) Diagram of Cas14a1 targeting ssDNA. Impact on Cas14a1 cleavage of an FQ ssDNA
substrate by varying the spacer length (B), repeat length (C), tracrBNA (D), and fusing the
crRNA and tracrRNA together(E). For the tracrBRNA variants, a “+nt” label refers to extensions at
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®X174 spotted on E. colirevealing Cas12a- but not Cas14ai-mediated interference. Each spot
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showing the background-subtracted fluorescence resulting from cleavage of a ssDNA FQ
reporter in the presence of various guide and target combinations after a 30min incubation.
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Extended Data Figure 8 | Substrate requirements for Cas14 activation

Fig. S11. Impact of various activators on Cas14a1 cleavage rate

(A) Diagram of Cas14a1 targeting of ssDNA with position of mismatches used in panels A-D
and raw rates for representative replicates of mismatch (MM) position for Target 1. Cleavage
rates for Cas14a targeting substrates with mutations tiled across three different substrates (B—
D). (E) Trans cleavage rates for substrates with increasing amounts of secondary structure. (F)
Trans cleavage rates with truncated substrates. Points represent individual measurements.
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Fig. S12. Diversity of CRISPR-Cas14 systems

(A)Representative locus architecture for the eight Cas14 subtypes. Protein lengths are drawn to
scale. (B) Maximum likelihood tree for Type V effectors including all identified subtypes of
Cas14. Detailed tree in Newick format with bootstrap values is provided in Data S3.

Data S1. Accession numbers, coordinates and samples of origin for all CRISPR-Cas14
systems described in this study.
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Data S2. Sequences of Cas14 proteins described in this study.
Data S3. Type V Cas effector tree, including the Cas14 proteins in Newick format

Data S4. Phylogenetic tree in Newick format of Cas1 from all known CRISPR-Cas types,
including Cas1 associated with CRISPR-Cas14 systems.

Data S5. Oligonucleotides and plasmids used in this study
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